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Tifty-eight ligh”tened arid”fi’%e unl”ight en’ed.~~”~urn~$urn--
alloy, channels were tested as simply supported’ >-earnsin
pure and/oT simple %eqding -producedLpby_ lo_ads paral~el to “-

.-.u—

the plane o~. symmetry, and fifty-three lighte’ried and- four
enlightened aluminum-alloy channels werg similarly ,tested.

.

under loads parallel to the back, in’”order”“Iio.detielop “‘
empirical formulas for the effect of ugfl,afiged lightening
holes in t.he’~ack on the position of thg”effect i.ve.ceh-
troid and-on t%ti magnitude &f the dffec~ive-m-oment of
inertia of the section. E’orty lightened an-d”four unlig= -
ened aluminum-alloy channels were tested as pin=ended

—

columns to determine the effect of unflanged lightening
holes, in the back on the,-position of the effective centroid “—”
and the column sti”ff”n~es. Reasonable emp~rica’1 fortiulas
for these effects were developed from “the test data. An
empirical formula was also devqloped for estimating the

-.

effect of unflanged lightening holes on_-t_hedeflection of
a channel due to shear deformation.

-=,—— ..._

Fifty-six lightened-and se~en Vnli-g-ht”en.e,d.ilulrn~:n~=rnm
alloy channels were tested as cari~-ile~er beams to deter-
mine the effect of.unflanged .Iightening “holes in the back
on the location o.f the shear center, and a reasonable

——— —

empirical rule.to .a,llowfor this effect was developed.
Additional data from’ these te5ts W’ere studied ~~ tin un_
successful” attempt ,to dgvelop a reasoriq%le formula for
the effect of upflange’d .lighteni~g holes” On the ‘to~~io”nal

stiffness of a.channel.
—,.- ,,

... .., ,- .—
.-- ..- ....-. —---- ... =-q---..T=—_-,,._
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In- 1934-35 an “tnitial study. of the effect of light-

ening holes on the elastic properties of channels was
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made %y Mr. C. Glasgow , who tested 20 aluminum-alloy
specimens in compression and in bending due to loads in
the plane of symmetry. The chief result of his work was
to indicate that, ‘until the effects of unflanged holes
had been more definitely determined, further study should
be restricted to channels with holes”of that type.

Studies of the effect of unflanged or “plain’f holes
were carried out by Messrs. F. C. Allen and J. C. Sillim’an
in 1936-37, Messrs. A. J. Carah and J. ‘1?.Park in 1937-38,
Mr. J. W. Scarborough, Jr. , in 1939-40, and by Mr. R. J.
Wellman in 1940-41, The present report covers the work
of these later investigators, as com,bined and analyzed by
the writer.

The objectives of the tests under consideration were
to determine the influence of plain round holes in the
web of a channel on:

1. Stiffness against bending produced by”forces
parallel to the principal axes of the- cros~
sections

t

#

2. Stiffness against torsional deformation

3, The location of the resultant axial compression
compatible with zero transverse deflection

4. The position of the shear center of the cross
section

These influences were not determined for all the
specimens tested, ‘but each was determined from enough
specimens .to permit the development of some empirical
design rules. $

Prosecution of the project covered by this report
was made possible by the gift of test specimens from the
Boeing Airplane Co. and the former. Northrop .Aircraft, Inc. ,
now the El Segundo Division of the Douglas Aircraft Co. ,
Inc. , and financial support from the National Advisory-
Committee for Aeronautics. The writer of the present re–
port wishes to acknowledge a“lso his debt to the students
who carried out the tes,ts reported upon: Messrs. F. C.
Allen; A. J. Carah; C. Glasgow; J. W. Park; J. ‘~. ‘
Scarborough, Jr,; J. C, Silliman, Jr*F and R. J. Wellman.
Thanks are also due to Messrs. R. Jackson for assisting
in the test~; H. Ponsford and A. E. Anderson for preparing
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diagrams and,si~~$ar work; F: D...Bag~am,_W. H., Cadwell,
and T. J..Pa~mat-e6r- for co~at r~$?’~ng test equi.pm”e”rit; ‘and
Professors M. S.,Hugo, C. Moser ”,:and S. Timo&h6nko for
helpful. advjce to %oth. thq” wr~ter and the studentk who
did the actual testing.. .. .. ., . .... ._.

..”, “..”: .- ...
.,.,, ,.

. .
T~s~ MATE’RI”AL ~ ‘j. . ... . .... .... .... . .-—

..... -.. .,,.._,._._

The tests cov,ered in, thi.s”report were made on a
,,

group of 1’7S+ aluminum-alloy” channels d,onated to Allen
—.

and. Silliman b-y the Boeing ,Aircraft Co. and a group of
242-T aluminum-alloy chanhels donated to ‘Allen and

.—

Silliman by the former Northrop Aircraft , ‘ZIIC. ,’nctwthbEl
Segundo Division of the Douglas Aircraft Co. , Inc.

—

The major dimensions “of the specimens shown in fig-
ure 1 are listed in table Ii In this table and in the
remainder of the report specimens furnished by Boeing are
indicated %y a plus sign and those furnished by Northrop,
by a minus sign precedfiig the specimen number. In table
1 the over-all width of back B, the over-all width of
..side S, the light ening-hol~ diameter. D; a~d the
lightening-hole pitch P are nomina,l ,’di.rnensions. The
thicknesses t were otitained 5Y weighing the specimens
and computing the thickness from the weight and the de—
veloped area was obtained by assuming a density of Q.l@ll
pound per cubic inch. Numerous check measurements of the
thickness were made with micrometer ‘ca”l-ipers;b“ut, as
there was considerable variation in the observed thick–

.—

nesseq of individual specimens, the values computed from
the weights are considered more relia%le. Although these
thicknesses are recorded to three significant figu”res,
the third figure is not reliable. ‘

..’-.,,..:
,.

In the ‘11tght6ning para~eterii” Da/Pb, b is the
distance B-t between the midlines of the channel legs.
This parameter multtp~~ed~by 25m- is the percentage of
the area of the “,l)aEkoccupied ‘by”th”e holes;” .-

Since the investigation was limited to the influence
of holes on the.eiastic properties of the specimens, the
only material properties of interest were Youngts modultis
E and the shpqring rno.dulus G. Tests. “we-r”{rnad_eto-%h-eck
the Youngts modulus o-f a few of the sp.ec-im~n-sand”th-e re– ,
sul~s varied little from the standard v-a-lue-s“us-e-d’“~n—th-6
analyeie of test results, More such teit’s might have “--
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been made, had it been cbrisidered that the results would
,

have justified the trouble. The elastic properties,
ho~ever, are not’ subject to such wide variations as prop-

#

ertiee like the yield and ‘ultimate stresses and the
objective of the study was to obtain empirical formulas
that cotild be applled to ll~un of the millti material rather
than to validate a refined theoretical analysi~. Further-
more , in a consultation with engineers of the National
Bureau of Standards no practicable method of checking the
shearing modulus of the thin flat sheets used in the
specimens was suggested, It waa therefore decided to make
all computations on the basis of the standard values
E = 10,300,000 pounds per square ~nch and G = q,850,000
pounds per square inch’.

APPARATUS AND TEST PROCEDURE

Types of Test

The te~ts were of four types:

1. Tests with the channel simply supported near each
end and subjected to transverse loads acting
in the plane of symmetry of the specimen

2. Tests with the than’nel simply supported near each
end and subjected to transverse loqcls actiirg .
in a plane, parallel. to the we%, which passed
through the experimentally determined shear
centers of, the specimen cross sections

3. Tests with the channel. supported as a cantilever
and subjected to a concentrated load,, at the
free end, acting parallel to the web

4.’ Tests with the channel supported ~etwean knife
edges, or their equivalent, parallel to the
web, and loaded as a pin–ended column

-.

;

The first two typ,e~ of test were used to determine
the apparent stiffness EI in %ending~ Most of these
tests ware made with two concentrated loads so propora -
tioned that the pbrtion of the spau between those loads
would be subjected to “purelr bending. The remainder were .-

made with a sing.l,econcentrated load at midsp”an, In thi~
report the resulting combination of shear and bending i-s
termed ‘tsimple bending. li
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The’ t?iird $ype of test-”w~~:~~a~$:tb.:de$.ermi-n”ee@=S-
imentally tke.,l”ogation of the shear~~$n~er ito determine
the torsi.oiial’”,stiffness of ihe’”&8hber GJ, and to ob-
tain an.additional value of the appar,:nt .+sti,f,fgess EI
in bending. The combinat ion of’ t-ra,nsver,qes%aar and
bending ‘u’s”ed“t’rith’iS, type. of t qst rni,gbt.al,ao %8 “ctitlgd

siap le ,.bending:.~b~t is termed. In t’hi”~“r~p,or.t !~catit’ile,vki
ben.d,ib”g!l’to distinguish it from “th<e-conditions existing.. . .

. in the first t%o,.types of test. - .=’., _:, ;‘~~=’~=~.~&~=j:’
.. ... . ....’ ..... .:----

..-The ~ourth ,~ype of test W&S:.m~dQ to .determifie:’ ‘-(1)
the. apparent stiffness EI from -t,h,&,action of .’the“’specim-
en as “a“lo.ti~--’p~endeded column, and .(2) .tbe,posit i”on : -,~
necessary f od the. regult ant axi-&l ‘~;oa”d“if ,no”Iat er”&~<
bending were to,;r’esult from its” “a~,pltcqtion. l?or”coqv6~~
ience this po@i$,ion is termed the~,nqf.fectiye.,centroid” of
the section; ,&nd the ltne parallel, to .th?,web of the
specimen which”’p,a~ses through the,ef?ect ive ‘oentroid “i.s~
callad. tlie ‘effect.~ve neutral axis” ,of .th6 ‘specimen.” - F

., .’. “.-. .“--
. ,,

Test’s of Simply Supported Speci~mens
. . 4..

—.

Load in~ane of s~mmetr~&–.—-— — --_-_— A general view of the .—-—-
apparatus constructed and used by Allen and Silliman, for ;:
their tests of the first type iS giv?nin f~gure 2. “The
method of applying the load is sho”wn diagrammatically. is
figure 3. .The weight of the sh~ot bags place-don “%’h?“l~a$:,.
pan W was transmitted by wj.res , the ho>izont&l” ~oa~Ing , “’

. bar H,. and the cross arms ~C ‘to the- loading rods” A“, .
which’ re”sted directly on the specimen. The specimen was ,
in turn; supported through the re~ct ion rollers B, which
rested in V-shape grooveti i-nthe c-a%-t–”ironblock-s indi- - -
cated at K in figure 4. Near one end the spe”cimq’n”’~.””.~..,.-
rested directly on the reaction roller, qs shown” ‘in fig-,. .
ure 5. Near the other etid it was separated from thd ,.
reaction roller’ by therolle~ pa””@(R . in, fig, 4) ‘@~oW’n””””,
in figure 6, which: allowed that en,d of the ep.ecirnen.to”., :
move horizontally without restraint. ,..llhe.,loadifi-grbd&J’
and deact ion rollers were held “’iti“the desired loc”a”tiotis.
by the loading templet T. This ,i,.s.co,mpo-s,ed “~i’two’ -.“-
parallel steel plates, slotted “to r,e.cei,v.q,the rods “and:”” .
rollers, reinforced longitudinally’ b~~ angle irons , and ,,.
held .apart by fotir steel spacing plates. All the tes”ts,
of Allen” and Sil~iman were made with- t–he ce-btra-l-port~on
of the specimen subjected .to pure bending; so the loading
rods were placed in the two slots located 4 inches from
those for the reaction rollers , as shown in figures 2

—
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and 4. The distance between t-he slots fer the reactiion
rollers was 32 inches. Deflections of the specimen at
or near the supports, loading poigts,”and midspan were
made by means of Ames dial gages svpport~d from a wood
p~ank, which was supported in turn from the mai.nI-beam.

The testing procedure was simple. The specimen was
usually so located that the lightening holes were sym-
metrical about midspan, t’he loading rods and reaction
rollers located by means of the templet assembly, and the
dial gagesput in po.sition.to measure the vertical rDove-
ments of the four rods and.the web of the specimen at
midspan. After a tare lo~d of 5 or 10 pounds had beeg”
placed in the load pan to take up any ‘Slack,o: each-dial
gage was set to read zero. Loads were added in 5-, 10-,
or 25-pound increments, according to the size ~f. the
specimen, until it was estimated that a maximum stress
about equal to one-half the yield point of the material

‘had been, reached. Since there seemed to be a slight
amount of friction between the Ioatiing rods and the edges
of the templet slots, those rods were lightly tapped
after each load” increment before the dial-gage readings
were recorded. It was found t-hat this tapping made it
possible to,ob,tain much straighter load-deflection
diagrams from the recorded data. After the maximum, de-
sired load had been reached, the specimeti was unloaded
in equal steps and the dial-gage readings were recorded.
In this” manner..the deflection readings for each load
were checked.. A sample data sheet isshown in table Al.

.,
In order to compu$,e the stiffness EI from the ,

observed deflections, the readings of dials 2 and .4 at
the loading points were subtracted from those of dial 3
at midspan. ,The average of the~e diffe.rences:was-t hen
taken as thq def~ection. of the po$nt at znidspan from a
straight line joi~ning the points of load application.
!l!hpsedeflections were next plotted against the loads :
producing them, and the. slope of the straight line de-
termined by them was computed. The value of b/w thus
obtained was then inserted in the ap~ropri.ate beam deflect-
ion formula, which then was eolved for EI. The result-
ing values of EIXX are recorded in tables 2 and 3.

Ilssentially the same. testing apparatus and procedure
were employed by Wellman in tests with: the plane of load-
ing normal t.o the back of the channe..l. A somewhat differ-
ent procedure, however, was used for computing the
llo%served EItl from the observed deflections. Instead

----

●

❉

.
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of plotting the differences between the midpoint deflec-
tion- and the average”of the load-point “deflections, a
se~arate curve was’ plotted for the deflections of each of

, those:points and also those of the reaction points under
dials 1 and 5. RThe value of 6/W inserted in the beam
deflection formula was then. the difference between the
slope of the line plotted from the deflections at dial 3
and the average of the ~/v values obtained from the
lines representing the deflections at dials 2 and 4. The
stiffnesses XI obtained in this manner are termed ‘ipure
bending stiffnesses. ” In addition, the value of ~/w
for the midspan was subtracted from the averag”e, of the
~/w values for the support points and the result inserted
in the appropriate beam deflection” formula, which was

,. solved to ob’tain the value of EI termed the l~two-load
‘ bending stiffness.11” Both these”values are listed in

tables 2 and 4. -. .. . .
,..

Load parallel to” web.-——————— Xor the tests on simply
supported beams with the plane of loading parallel to
the web, it was necessary to make some minor changes in
the test apparatus and procedure. Had the loading rods
and reaction rollers rested directly against the bpecimen,
the plane of loading w~ul.d not have passed through the
shear centers ‘of the” cross sdcti.ons and the specimen
would have been subjected”to torsion as well as bending.
“This was circumvented by the use of the loading frames
shown in figure 7. These frames were made of sq’uare–
section steel bars held together with macliina screws.
Hardened knife edges were inset in the. upper and lower
members in such position that the specimen could be.
located with its shear center on the line joining the
knife edges. The ‘specimen was held in the desirdd .posi–
tion with reference to the frame by machine ‘screws’ and
blocks of synthetic resin, as shown in figure 7, In the
tests the loading rods rested on the upper knife edges
of the frames at the loading points. At the reactions
the lower knife”edge of one frame rested on the reaction
roller , while that at the other end rested on the top of
the roller pad> When the specimen was loaded and sup–
ported in this manner, it.was unstable with respect to
rotation about a :longitudinal axis. To prevent it from
rolling over, the tiertical guides shown in figure 8 were
clamped to the I—beam n-ear each end of the specimen.

—

Except for the use of the loading frames and end
guides, the apparatus and procedure of Carah and Park
for tests in pure %ending with the plane of loading

—



8 NACA Technical Note No. 924

parallel to the web were essentially the same as those of
Allen.and Silliman for tests with the loads normal to the
web. One minor change also’was made by. Carak and Park In
the determination of the effective EI from the” test data.
Allen and Silliman measured the deflection of..the points
of load application hy”dial gages measuring. the vertical
movements of the loading rods. Carah and Park attached
small synthetio-r,esin blocke to the “channel web with their
upper surfaces at midheight of the specimen. Since the

.loading frames made it impossible to place “these blocks
exactly at the loading points, they were placed a little
closer to the mldspan, so that the dial-gage spindles
would clear the loading frames. The formula for’computing
EI from the deflections was suitably modified to allow
for the actual distance between the points at which the
deflections were measu~ed. Scarborough And Wellman made
their tests In pure bending with the loads parallel to
the web in essentially the same manner as Carah and Park,
Their chief modification was to omit the’use of blocks
attached to the web for measuring deflections and to meas-
ure the deflection of,points on the upper flange as close
as pos,sible to the web. ....

In a~dition,.to the tests in pure bending, Carah and
Park i Scarborough, and Wellman made tests in simple bending
with the loads parallel to the we%, In these tests the
horizontal ‘loading bar was dispensed vith and the load pan
hung from a single loading rod placed in the slots at the
center of tha templet. In these .te.stsit was necessary to
measure the deflections at but three points, at each reac-
tion, and near the loading point at- midspan. The method
of determining apparent- EI from the test data was essen-
tially the same as in the pure bending tests; the pertinent
dimensions and the observed values of ~/W were inserted
in the appropriate beam deflection formula, which was
solved for .31.

$

. .

I

—

The values of apparent XI obtained in both pure
and ‘simple lending “tests are recorded in table 5, Wellman
also used data from his tests, made primarily to ,obtaln
the stiffness in pure bending, t-u,o.btain sti.ffnesses in
‘two-load bendingl’ similar to ‘thos”dhe obtained from the
tests with the loads normal to the lack of the specimen.
These results alSO are recorded in table 5.

.
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.. -, ... :Canttl”e&e&Be~m Tests’” ‘“.’-.‘“---‘
.-, ... . :. .-., _ ,r-.. . ..... . .. ,:..

In the third type of test one 6nd of the specimen
was clamped to a heavy. vertic~”l steel column in such a
manner as to minimize possi.hle rot’atidn at that end. At
the free end a T-shape fitting had itsllverticalllmember
bolted to the web at midheight , the cross bar forming a
horizontal platform on which the load could be applied
at varying. distances from” the’tieb of the specimen. The
load pan, was suspended from a steel loading bar which
rested on the cross bar of the T-shape fitting. “Zri‘order
to have single-point contact betwee’nthese two members a
.small hole was drilled In the loading bar, into’which a
bearing ball was fore-ed. “The position of the-bearing
ball with respect to the i?eb of the specimen was m?asur8d
by a micrometer %crew attached to the loading bar. In
the first group of these tests, those made by Carah and
Park , the deflection of,the free end of the Sp”ecimen was
measured by an”Ames dial gage supported from a platfo”rm
resting on the floor of “the laboratory. In the same
tests the rotation of the specimen was determined from
the vertical movement of.the ends ofa steel rot! passing
through, and normal to, the web a short distance from the
free end. These deflections were meaiiureii by dial gages
supported from the same platform as the gage measuring
the deflection of the” endio”f the specimen. ‘The ‘“ar-range-
ment of these gages and other apFaratus at the free end - .
of the specimen is shown in figure 9. ,------- -—- -—. -

The specimen was first clamped to the vertical sup-
port with its web in a vertical plane Knd its-longitudinal
axib horizontal. The dial gages were then s6t to &8r6”aQ~

-.

load applied in small increments. After each increment of
load the channel was tapped lightly to eliminate friction
effects, and the load bar was shifted in po-sition”by”the-
micrometer screw until the deflections of the ends of the
transverse rod wer”e equal. When the twist of the speci-
men had been thus eliminated it was considered that the
point of load application was coincident with the shear
center of the cross section. The position of the point
of load application and the dial-gage readin~s’”were then
recorded, as shown in table. A2. A load-deflection curve
was plotted as the test .pro-ceeded and care was taken tO
keep the Imposqd load below the magnitudes that @ight”
cause yieldtng of the material or “buck”ling of the “-member.
In these tests it was noticed that the position of the
shear center seemed to change slightly under low’’~oads but
eventually reach,ed a stable position, as shown %Y the
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curve of figure Al. The shear–,center ,distances recorded
in table 5 are based upon the locations at which the
larger loads produced torsionless bending. !I!heapparent
XI in cantilever bending was” obtai.n’edby inserti,n~ the
slope of the load-deflection curve in the. appro”priato
beam-deflection formula. The results of these com~uta-
tions are also Included in t~blk 5.

A few tests were-made by Carah and Pa~k,to .ile.term~ne
t-he critical load under cantilever loa&i.rig.,With the
channel firmly. clamped in place as a cantil-eve.r beam, the”
loading devicewas fixed in position. AG in the shqar-
center tests the web was adjusted .to a v.qrtical position
and the channel leveled. The two side gages were then
placed under the cross bar and “sbt at zero with, the free
end of the” speoimen under no load, Since the shear center
tended to ~hlft slightly under low loads, increments of
weight were added and the load position adjusted each tim”e
until no further shift. was nece,ssar”y, as determined by
equal deflections of .the.two side ‘ga,ges. These gage”s were
then removdd and the load increased untiI the channel
buckled. Deflections were not measured in these tests.

In order that the .spe,c~imensus,ed in these te8t.s would
not be permanently damage?, a platform, of’shot+mgs was
built up to about one-half “inch of,the lower surface of
the specimen. This caught the member after buckling took
place and prevented perm~ngnt_ defo_r.Ua~i_~n.o.fthe alumlg.xg-
alloy specimens. This precaution appeared ta be effective
since the members were nbt damaged by ,t-hebuckling, but,
upon releasing the load and applying it a second time, the
critical load was found to be practically unchanged.

In parallel tests to determine the.critics.l load, the
weight was applied at the o“entroid of the section” as deter-
mined by computation. Otherwise the.tests wprecarried
OU~ in the same manner as those with the load ’applied at
the shear center. The critical loads found in these two
groups of t-ests were observed and qrq listed In table 6,

.

Scarbrbugh and Wellmanis cantilever–beam teshrmere
made with the same apparatus; except for. the ‘defl~ctipn
and rotation.measuri.ng systems, as those of Carah and Park,
The angle of torsional rotation was’rneasurqd ‘by the use of
q,telescope and vertical meter stick attached to a steel
tripod located several feet from the loaded end” of the
specimen and a mirror glued to the loaded end of .thb spec-
imen opposite the scale, The scale rea?ling was reflecfed..
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from them frror to the telescope as shown in figures 10
and 11.

— —.
In order to preclude errors due to rotation of the

specimen at the su-pported end, the deflections of the
free end weremeasured from a reference bar attached to
the web of the specimen a small distance from the sup-
pQrted end, as shown in figure, 12. When the member
deflected under load, the reference. bar remained parallel
to the line tangent to the elastic curve. at the connection
point. To obtain sufficient rigidity the reference- bar
and the vertical member connecting it to the web of--t-he
specimen were braced by a diagonal ‘zie-mber,as can ,%e seen
from figure 10, In order to measure the deflections of
the free end of the specimen with respect to the refer-
ence bar, a standard micrometer screwwas set vertically
in a steel block bolted to the end of that bar. Contact
between the-screw “and the spetiimeti”was indicated-by the

Z! closing of a l~volt electrical circuit , as shown in fig-
ure 13. A pointed cap mounted on the end of the microm-
eter screw contacted mercury in a ‘small basin attached

* to the top flange of the te$t epecimen so as to complete
the circuit and light a flashlight. Bulb .... ___ .

,- .-,. ./-

In starting a test the, point Of application of the
load was set near the exp.ect.ed location of the shear. ......
center, and the distance fr,om the back of th,e channel
was measured wi’t-hthe micrometer screti and recorded.
Load increments of”from 2 to 5 potinds were applied, read+
ings on the scale were made ‘through the telascope and ~
recorded, and a lfload—rotational (actually a load against d
scale reading) diagram was plotted-as the t“est proceeded
The load was carried only to values which w$ultl”cause
no buckling of the flanges. The test was then repeated
with the lost application poi-nt reset, preferably on
the opposite side. of the shear center (so as to cause
rotation in the opposite direction). Typical load+rotation
diagrams are shown in figure A2, In order to.find the
position of the shear center, the slopes ~/dW of the
lines plotted from these t“ests were plott~d against the ““
distance from the back of the channel to the point of load
application, Since the torsional rigidity of each partic–
ular channel is a constant , a straight’ line drawn between
the two points should intersect the axis (zero slope) at
the shear-center distance, as shown in figure A3. The
point of load application was therefore set at the loca-
tion determined in this manner and the test repeated.. If
any rotation occurred, and it tisually did, the point of

/
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load application was ngain moved slightly And the test
repeated unt-il any rotation indicated by the sc~le re~d-
tngs w~s nogligible.- ~his sys”ternof measuring rotations
not only was more sensitive than” that of- Car~h and Park
but also lent itself to a determin~.tion of the npparent
torsional stiffness of the channel. .

The observed torsional stiffness of thee qecimsns
is reported in’talle 5 in the form of values of. Mt/Q,

in which e is the rotat$on in, rad.ian6 of the mirror
near t-he free end of the specimen produced by a const-ant
torsional moment Mt. In computing these figures Mt

was taken as the product O* a, convenient load inm%ement
~w and the distance d’ from the experimentally located
shear center. t.o the actual point of load ap~li~ation.
“As can ye seen from figure 11, for the small rotations
encountered, 0,1 radian or less, 0 could he obtained
from the, relation Q = A~/?Lr where ,AR is the change ‘

in~meter–stick readings produced by the imposition of AY,
and ‘Lr :ts the distance from the meter stick too the mir-
ror attached to the” specimen. Use of these expressions r.

produces the relation

Mt
—= 2 Lrdl ~ (1)
e AR

in which Lr ‘must be measured in’ the same unit-s as 3R.

Since t-he separate tests on a single specimen did not
alw~ys give the same’value. for. d~AY/6R, this quantity
was computed for eachposition of the load and the aver-
age used in the expression for -Mt/Q to get the value

given in table 5. Where there was considerable spread
in the magnitudes of dlAT/bR, those deviating exces-
sively from the mean were neglected in computing that
value. Usually th~s meant neglecting values obtained
from tests,.in which dt was relatively large.

Column Tests

The column t~sts of Allen and Silliman were made
in a hand-operated 20,000-pound-capacity Olsen
testing machine, with the specimen locat-ed between
knife edges parallel to the plane of its web. In ‘
order to permit controlled changes in the distance
between the plane Of the knife edge$ and the Plane ‘f

.
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the qhannel we?I, the end fittings shoyn in figure 14
were ueed. In this fitting the lower plate rests directly
on the knife edge. The upper plate slides on the lower;
its movement normal to the knife edge is effected by the
screw, the head of which appears in the figure at the
right-hand side of the fitting. The horizontal distance-
from .the back of the channel ,to the plane of the knife
edgeg is measured by the micrometer supported from the
lower plate. The deflection-of ,the specimen at midsp&n
was measured by the dial-gage arrangement shown in fig-
ure 15. The gages were mounted on the operating screws
of the t,esting machine in such a manner that the tips of
the spindles opposed each other. This practically- elim-
inated the undesirable unbalanced side load which the ‘-
spring in a single dial gage would have prodticed. When
the effective neutral axis had been approximately located,
however, these gages were removed so the ultimate load
would be unaffected by uncertain midspan conditiione. The
ends of the specimens were e“rnbedded in type-metal pads to
prevent local failure of the thin sections being tested.
It was found later that such pads were unnecessary and
they were omitted in Wellmanrs, tests.

In testing, the specimen was carefully located in
a vertical position with “ite we% parallel to the knife
edges and subjected to a tare load “of about 70 pounds.
The channel was then moved by mani~ulation of the end
fittings until the knife edge-s tiere in-line with the es-
timated position of the effective neutral axis. Addi- ‘.
tional load was then imposed and the qqount an~ the
direction of the midspan deflection were noted. The load
was then reduced to the tare value and the position of
the specimen with respect to the knife edgee changed so
as to reduce the eccentricity loading. This procedure
was r&peated with the specimen subjected to larger and
larger loads as the eccentricity was reduced until the
position at which there would be-no transverse deflection
prior’to buckling had-been bracketed”’wit_h~_q a range of
0.010 inch or less. At””this stage the midspan dials were
removed and the specimen tested to buckling failure. —

Wellman, in hie column tests, used different apparatus
from that employed by Allen and Silliman. His specimene
were strained by the 200,000—pound Riehle testing machine
and the axial loads were measured by the combination of
the 20,000-pound–capacity Xmery hydraulic capsule and
Bourdon tube gage employed ~ZI the tests reported in refer–
ence 1. A general view of this arrangement is shown in

—
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*

figure 16: He also constructed a new pair of end fit.
tings.. . ... ‘

=

In the Allen and Silliman test? the IIpin-ende.d lengthl~
of the specimen, measured between the knife edges, exceeded
the actual length of the specimen by about I* inches. In
order to eliminate the uncertain effect of the “sti.ffnes~

. ,.--....”.. ...
of the e~d fi~tflngs on the “Xule”F-load of_ the “speeimell,

.-

Wellman ysed the fittings, similar to those described by
H. Bar_l.owin reference 2, which are shown in figure 17.
Each fitting consisted of a round steel loading bar
mounted between two ball-beari”ng rings”, “which in turil w~re
held ?)y a steel U-frame. ,The loading bar wae .notchcd to
a depth .3/16 inch greater than one-half the diameter of
the loading bar. This allowed the “top ‘sh-rf&c5-of a movable
platform made of hardened steel, 3/16 insh thick, to rest
at Q depth of exactly one-half the diameter of the loading
bar , so as “to permit the location of the neutralaxis of–
the sp’ecimen On the center line of rotation. The actual
movement of the “platform was effected by means of the ad-

.

justl’ng screw shown just below ~he micrometer in figure 1’7.
On one side of this movable platform was,a raised edge 1]8 #
inch high’; against which the back of t-he specimen rested.
The position of the channel with, respect to the center of
rotation. of thefl”cylinder was meaaured by means of a microm—
eter shown in figure 17, just’ ab”ove.the platform ad~usting.
screw. Arms to carry a weight to counterbalance any ini- -1
tial moment set up by’the micrometers were attached to the
ends of the movable cylinders, In using this fitting, t-he
effective pin-ended length of the ~column was the ‘~istance
between loading platforms, and therefore just equal to the
length of the sp’ecimen.

Aside from the use of the new end fittings and the
omission of’ the type-metal ‘pads on the ends of the epeci-
‘mens, Wellmanfs p~ocedure was the same as that of Allen

,.

and Silliman, In both sets of oolumn teste; the major
recorded quantities were the critical load, in pounds and
the distances from the reference point to the back surfaoe

.

of the specimen near its ends. The former was inserte’d in
the Iluler formula for pin-ended columns

xIe = P ‘L2 /na (2)

t,o determine the “column st:iffness.m _I’rom t-he latter

the distance from t-he surface of “the back of the kpec-i”mtin
.-

“,
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to the effective neutral axis YQ’ was. readily obta inad*

The obse’rved values of EIe and . Y. are listed in
table 2.

.
“.

..., ‘..

. ,-
TZ ST RESULT S

Properties in Bending about X–X Axis

,,. ..
Values of EIXX obtained from tests in bending tiith

the plane of loading perpendicular to the back of th,e
specimen are listed in tables 2, 3, and 4. Most of these
tests were made with the downward loads applied at the
free edges of the ‘flanges and the p,oint midway between
those-loads also midway between the centers of adjacent
bolos. The results ‘of the tests with the specimen in
this ‘rback down pitch centered}! p’ositi,on are listedin
“table 2. In thie’-ta%le the values obtained by Allen and
Silliman foi “EI. from their tests in pure bending are
shown in column 2. Columns 3 and 4 give the values of
XI obtained from Wellmants tests. Those in column 3 are
his two-load bending, while those in column 4 are his
pure–betiding values.

In addition to the. tests” mith ‘the specimen--in the”
--

back-down pitch–centered position, Wellman tested five
specimens in three other positions: , (1) back down, holes
centered --that is, with the midpoint between the down
loads opposite the center of alightening ho,le; (2,)
flanges down, pitch centered; and (3) flang~s down, holes
centered. The values of EI obtained from all f.,our
tests of each of these specimens @re shoy~’ in’ table 4. ‘.
Allen and Silliman ran a few tests with the specimens ,ifi

L the back-down hole-centered position. ‘They did not re–
port the numbrtdal -results, but stated that the stiffness
in the hole-centered poeition was less than the. stiffness
in the pitch–centered position and that the difference

was of the order of 3 percent.

In order to investigate the possibility. that appre–
ciable error in the observed values of 131 might result
from local deformation of the channel flanges under the
load rollers; Allen and Silliman made several tests in
which the deflections were measured at midspan and at
points 2’inches ,inboard from the load rollers. The val-
ues of TLI obtained from these tests and the correspond-
ing tests by their standard method are listed in table 3.
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.
The values of” stiffness EIe and distance from the

surface of the lack to the effective neutral axis Y. aO
obtained from the column t-ests a-r~ also shown in table 2.
The results of Allen and Sillimants tests are listed in
columns 5 and 7 and those, of Wellman, in columns 6 and 8.

Properties Deter~inS.d from Loads :’Parallel to Web

.

.“

The major results of-the tests w’itihthe loads actin~
parallel to the specimen webs a“re listed i-n table 5. In
this table the results obtained by the diffexent experi-
menters are placed on.sepa.rate li.ntisinstead of in “sepa-
rate c“olumns. The source-of the data is given in column 1
aad the footnotes to the table. The observed values of

listed in columns 2, .3,”‘lYX 4, and 5 are those obtained

from tests in pure begding, simpl”e,bendi+g, two—ldad”,
be,nding, and cantilever bending, respectively, by the
methods” described i.~ the sec,tion “on‘Test Apparatus. and Pro-

-!

cedure. Since no,allowance was made”fo.r deflection due to
shear dof-or%tion in comyuting th.ese.q”tian.tities, only those .#;
obtained from the tests iq p“~re bending should %e taken to
represent the true stiffnesses XI’ of the channels. Tho
remainder are “apparentll values, which are useful as m~as-
ures of the variation of defleatio.n with load for the
specific loading patterns emplpyed. CO-lUm~S 6 a~d 7 show
the obsqrved and computed distances from’ t“he midlino of
the back to thq shear center and “c”olumn 8 the di.fftirences
between those distances. The computed shear-center “dis-
tances of “column 7 were obtained from equation 6:17 (on

“ ~. 162 of reference 3), the existence of the lightetiing
holes being neglected. In column 9 are the torsiotial
stiiffnesses Mt/8 ,ob”tain@d by th”e methods previously
described.

. .

. .

In table 6 ai?e “listed the critical ‘loads obtained by
‘ Carah and Park’in theti cantilever tests ~nd some si~plo

ratios of these critical loads. whi’ch indicate the pffoct
on the strength of the specimen o.f changing the position
of load application. -T.

PREQISI”ON.,

,

Each experiment? analyzed his test proc~dures,
estimating the degree of precision of and tho”probable
‘error in each of the readings taken, and determining
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from those data the “pro-bable precision of the end products,
apparent values of EI , shear-center di statices; and so
forth. “ All these studies indicated “that thevazues of
apparent stif$ness, o%tained from the tests would be correct
to”tiithin 5 percent or less and the distances correct to
within O.01 inc~ or. less. Comparison of the results ob–
t~ined by” different observers or in differept tds~s of the
same specimen and the’ studies made to, deveiop empiricai
formulas for the properties under consideration, however,
show th,at the prec”is.ion of th6- experimental work was not
uniformly that good.

Since ~h,e analyses of probable precision f.iret men–
tioned proved t.o be over-optimistic, they are not included
in this report. The ”followingd iscussion is therefore de-
voted primarily to a study of the divergences found between
the work of the diffe.r,ent experimenters. Prom this discus-
sion it will appear t’hat, m“hile enough. work of satisfactory
precision was done to permit the .formulatton of better
rules ‘for practical desi’gn than ”now exist, the basis of
these rules is not so sound as would be desirable. The
lack of precision of many of the testis also made it imprac–
ticable to .~btain reliable information on the effects of
some of the variables that it’would be desirable to study
in more detail. ...

...

3ending-”!Ceets - Load Normal to Plane of Cha-nnr31Web

. . Comparisons of bending tests made,.of the same speci—
men by Allen and Silliman and by Wellman show considerable
differences in apparent EI. .Subh comparison was pbssible
,OD 15 specimens and the v“alues of EI o%tained from the
Wellman tests ranged,,from -2.5 percent below to 8.2 percent
‘abo”ve”Allen and S“fllirnan’s figw’~es. The arithmetic. mean
difference was 3..48 percent and the algebraic mean differ–
e,nce 3.15 percent. (In” this report the adjective .Jlarith-
,metic’! is applied to mean and median ,values computed from
the absolute magnitudes of a group ,of quantities. Use of
the term ‘talgebraic~ jndicat~s that the signs of the indi-
vidual quantities were considered in the computation of a
mean or median.) Both arithmetic and algebraic median
dif~ferences were 3.2 percent. It should be noted that for
only one specimen (—19} was the stiffness obtained from
“Wellmanrs test less’ ’than thet.’r.eported by Allen dq~
Silliman. ‘, -.. .,. .

Allen and Silifmai reported that they made a number
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of check runs of individual sp.sci.inensand found that the
results did not- deviate from a mean hy more than 1.75 per–
cent’, Wellman did not. report the results .of check runs
under the; same condi-tions. but he did report the result s
shown in table 4 of test’s with the specimens in four–tiif-
fbrent positions in the, jig. These showed variations of
XI as large as 14,peraent’ wi”thout any discernible rela-
tion %etween change in apparent -EI. and specimen posi-
tion. Allen and Silliman, on the other hand, reported
that , when the specimen was tested with a hole at midspan,
the apparent EI was a%out 3 percent less than when the
midspan point was midway between the centers of adjacent
,holes. “These facts make it appear’ that the, ?lellman re-
sults were not ‘as,preci.se aq those of Allen and Sillimari,
and they are not given ‘as much “weight in the” following
discussion. .’

*

In his first coqputati,ons of EI from the test logs
Wellmqn used the same metho~’ af computing ,W/5 as had”
been employed’ by Allen and silliman; the deflection of the

<

point at midsp”an was subtracted from the avera~e of. t-he
deflections at the loading points. As this did not “give w
satisfactory result s=.he modified his procedure by finding
the slope of the. load-deflection curve for each point at
which deflections were measured and combining those slopes
to get the value of w/6 to insert in the beam deflection
formula. It was. hoped that, in this way the etfects of
individual p“oorreadings would be minimized.

Another “attempt to meet-the situation was the compu-
tation’of the two-load bending stiffnesses from tihe slopes
of the load–”deflection curves of”midspan. and the reaction,,-.
points, I“n this manner the” differences used” wer6 approx-
imately doubled and the results made more consistent pnd.
probably more reliable. “Comparison of the pure bending
and two-load bending values of 1%1 o%tained from the
Wellman tests is of interest. I“n 48 tests the two-load
bending ,3!1 ranged from 0.920 to 1;082 times the pure-
bending value, the.average ratio being 0.992B., with” al-
most. equal division between values a%ove and below 1. 00.
Since” there would be shear deforrnat5.on of the channel
legs in the end segments, the observed two-load bending
EI should be less than that for pure bending; but, since
the ratio of span to depth of section was large, the dif-
ference should he small. Irisofar as the average “ratio is
concerned, the difference of less ”than 1 percent is very
reasonable ;but the larger differences for the individual
specimens , particularly those in which the two-load-bending

.-
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figure-was the” larger, can be best explained as” due to a
lack imprecision of technique. . It was therefore con-
cluded that ‘for ‘these tests the effect of shear deforma-
tion should be neglected and the observed values of two–
load lending stiffness used in the more detailed analysis
of the data rather than the ‘pure-bending figures. It was .
these two-load””bending stiffnesses that were compared

::with the Allen and Silliman results in the preceding dis–
cussion. Had the pure-bending figures been used, the
differences would.have ranged from -4.1 to 9.1 percent
and the mean :figures woul’d have increased from 3.48 to
4.57 percent and from’’3.l5 to 3.91 percent and the median
from 3.2 to 4.1 percent or 3.7 percent, according to
whether arithmetic. or algebraic averages are obtained.

The tests made by Allen and Silliman to determine
the possible ef$ec,t of local .def.ormatni.ono_f__the__specimen
under the loading rods reeulted in the observed EI
values of table 3. Since the differences between com–
parable pairs of these values were all less than 2 per-
cent and were not consistently in -the same direction, it
is reasonable to assume that the effect of such local
deformation.was ,negligi>le. ,_ “. -.--.. — ...-T-.

Column Tests

Seven of the channels tested by All&n ”and Silliman
were retested by Wellman, and the indicated values of ‘EI
in the retests.ranged from 2.6 to 22.5 perce”ht in excess
of those in the first tests, the average increase being
10.81 percent and the median, 7.6 -percent.

One possible cause of the differences between the.
results from tests of the same specimen is a difference
in the method of determining the critical .>oad, In some
of Allen and Sillimanls tests, it was noticed that after
the peak load was reached the chantiel bowed suddenly,
with a resultant decrease in the equilibrium load of the
specimen. Figure 18 illustrates diagrammatically the
implied load–deflection relationship. The conclusion
was reached that the load registered before the sudden
deflection was somewhat higher than the actual Euler
load. The existence of this peak load was attributed to
two”factors: (1) While the knife edges were assumed to
be theoretically perfect, they offered a small restrain–
ing moment on the ends of the specimen and thus made the
restraint coefficient somewhat greater than unity, As
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the channel deflected, however, this restraint was elim-
inated and a decrease in the load required to hold the
specimen in equilibrium in its lent configuration resulted,
(2) Before failure the major axis of the channel may have
been misalined with respect to the knife edges. Bending
would then occur around an o%lique axis about which the
moment of inertia would be relatively large. In the pro–
c.ess of deflecting, the channel would rotate slightly with
the result that the bending would finally %e about tho
major axis and the load required for equilibrium in the
bent configurati,o~n would he correspondingly reduced. In
Allen and Sillimanls tests, the ultimate load recorded,
therefore, was t,ha,tmaintained by the specimen after it
had begun to exhibit definite lateral deflection. 17f311man,
dtdenob follow this practice but considered the maximum
load ,carried prior to lmckling as the’ Euler load for each
specimen. This may well account, at least in part, for
his” obtaining,higher values of critical load than Allen
and Silliman.

.

.

.

While this difference in the determinat~on of the
criticsal load might account for the smaller discrepancies

.

between Wellmants and Allen and Sillimanls figures, It
appears unlikely that it is sufficient to explain com-
pletely the larger discrepancies. If, however, in some
of Wellmanls tests there was serious lack of parallelism
letween the axes of rotation of the end fittings, that
might account for his high values of critical load, That
it was ~robably Wellmanls rat-her than Allen and Sillimanls
test re”sults that were most in error is indicated by the
faat-that the results of Allen and Silliman are easier to
correlate with theory. In the development of rules for
predicting EI, Allen and Sillimanls data are therefore
given more weight than those of Wellman.

Allen and S$lliman noted that” the magnitude of the
apparent critical load for a given channel was dependent
on whether the direction of -buckling caused an- increase
or a decrease in the compressive stresses at the free
edges of the section. In general, the critical load was
larger if the buckling caused a reduction in_the compres-
sive stresses at the free edges, there being but a single
exception to this rule. The average difference was about
3 perc~ent and the maximum difference, 7 percent. In de-
terminin~ the value of EZ from Allen and Sillimanls
col,timn““tests, t,h’ecrit-lcal loadsused were those obtained
from the tests in whiah the buckling caused a decrease in
the compr&”ssive stresses in the free-edge fibers. Wellman
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made no comparable study of the variation of critical
load with direction of Imckling,but his records show
that,, in tests of 26 specimens, in 20 cases buckling
under maximum load redu”ced the compressive stress at the
free edges., in five it increase-d that st”ress, and in one
co-lumn failure under the ‘maximum load caused an..increase
in one test and a decrease of compressive stre,ss at the
edge fibers in th-e,other.,. .,.

Discrepancies ,also exist. between the observed d~s~
tances from the %ack of the” spec~mento iih~~effective
rieutral axis, In both series of tests the’distances from
the fixed refereiice lihes’”to the specimen were bracketed
to within O. 003 or 0.004 inch. “Therefore, in spite of. ,
possi%le errors in obtaining the true positions of the
reference lines to” the resultant’ loads> the effective
neutral axis positions were believed to-be correct -to
less than 0.010 inch. Comparison of Allen and Sillimanis
with Wellman’k results, ,how”ever, showed Wellmanls to he
consistently in excess of Allen and Sill.irnan’s. Accord–
ing to W.ellman, the distaace Yo. was from 0.005 to 0.025
inch in excess of the distanc6s’ determined hy Allen and
Silliman, the average excess being 0.016’7 inch and the
median , 0.016 inch. When all the. circumstances are taken” ‘“””
into consideration, it is be~iev,ed that. the,Allen and
Silliman results are the more ~,eliable. ‘

. .
,

Simply- SuppQrt9d--3e@m Tests ~ .Lo’adsparallel .tQ,.W.eP.,..=
—

In the”tests of the channel+ ~s””sirnplyr”6~p~”or”t-ed””~
beams with the loads parallel to the plane of the web,
the same sources of error existed as in the pure-bending
tests with the loads in the plane of symmetry. Most of
these sources might be expected to produce appr,oxirn-ately
the same percentage errors in”~~e” ob~erved”valuqs of, EI,
Owing to the fact that the deflections measured in the
tests with the loads parallel to the web were sqaller
than those obtained wtth the loads in the plane of sym– ~
metry, the probable error due to l“ac~ of precisio~’-in
determining W/a was greater with the loads parallel to
the web than with the loads in the plane df syrnmetry~
This .is particularly true with respect_to the pure–bending
tests, In the simple and two-zoad bending tests the ob–
served deflection differences were ““larger than in pure
bending,and the resulting 2!1 valutis were correspondingly.-,.more precise. . ..
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Here again a better idea of the.,actual reliability
of the observed EI values ‘can be ohtai.ned from a com-
parison of the r.esul.ts.of different experimenters than .

from a theoretical analysis of the posei%le causee of
error; For .th+-four specimens tested in pure bending
both by Scarborough and by Carah and Park, the stiff–
nesses EI obtained ,by .Scarbrough were 0.94, 0.94, 0.99j
and 1.03 times those reported by d.arah”and “Park. “This
can be considered very good. When ‘fellman retested three
of Carah and Park IS specimens ,:however , he got values of
EI .099?, 1.18, and 1s28 times “the values from the.:first.
tests. His’ deviations from Scar broughlq figures were
even gneater , t~g .~~$i.QS_~f3ill~ .1 ,24 1.56, and 2.25. As..i...—?
will be “shown in..the secti Q~””o.n-”D>scUsti~og o“f”Test Results,
Scar% rough.ts ‘vAlue-s of EI are. those most neaqly in accord
with the computed, theoretical values , and Carah and Par’k~e
valties”are nearly as gor3&. .I’or many of his specimens,
.however;’ Wellrnan obtained values of ~ EI in pur”e bending
that are too far from .any reasonable theoretical figures
to he belie~ed. .”“Fob some reason he appears to have been
unable t-c–obtain teliable ‘figures for w/8 at the loading
points, but it’ has not been possible to de$-~rmine the ex-
act source of ‘his cliffictilty. ..

.,:.
li’ormogt Of t.h~“C”a,rah,and P&r’< aid Scar% rdugli_.tests

in pure lending it-wqu}d ‘app,ear”th.at.~$.h_e_results are ,uor-
rect to within 5 percent. They re~o$ted,” hoti-ever~%%at
specimens -O, —1’7, and +12 were initially badly twisted
and specimeq ..-2waa,damagqdindin an early test.. Yhe re-
eults for those members are therefore unreliable. ‘They
also reported that ,sOme of tbe other channels for .mhich
the observed valu”&s differed .coa&iderahly from what was
expected .were,pro~ably e~ceniii.tally loaded but gave no
supporting evidence. , “. .

,..
The.values .of.~pparent :EI obtained from the taimple-

bending .tests shou>d be somawhat”rnoie precise--than those
from the pure-bending teats,.on &ccouht of t~e greater
diff,prences .hetween the values of “lY/6 froq which they
werq computed. Thie judgment appears reasonable in the
light of -the few tests made :On the same sp6cimen by more
than one investigator. , Thus for two specimens Scar brotigh
obtained values of 1. 04 and .1.10 .$imes those of Carah and
Park. Wellman, however, obtained values .1.13, 0.88, and
0.86-times those resulting fr~m”.carqh. and Park’s teats of
the same specimen and 1,59, ”(1.85,.aid 0,83 times the. cor–
responding figures of Scar briugh. Although the maximum
deviation of Scar% roughts from Carah and Park’ts figures
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rises”to 10 ~ercent, that was found iq but one test.
Vellmanis figures for simple bending, however, are muc~
more nearly in agreemeat with those of..the other experi-
menters than his pure—bending figures. It is therefore
believed reasonable t.o assume that most of Carah and
Parkis and Scarbrough~s figures for simple bending. are
correct to within 5 percent and the “remainder to within
10 percent but that, while ?ellmants figures for..simple
and two-load bending are better than those for pure
bending, many of them include appreciable errors and can–
not be depetidGd upon when’ they indicate conclusions at
variance” with those,-deduced from the other tests.

Then the simple–bending tests were made with the
loa& parallel to the plane of the web, it was suggested
that erro”ti-mi-ght result from slipping of the specimen in
the loading clamps ozs from lateral’ lowing. Slipping -of.
the spe”cimen in the clamps was unlikely since it was very
rigidly blocked in and the blocks were ‘fixed In place by
tightening .a seri6s of screws. “‘Sufficient bearing area
was allowed that the blocks of plastic resin did not
crush, a resin with a bearing strength o.f23,000 pounds
per’ square inch bei.ng.used. One channel was bowed lat-
erally by ,pushing at its”mi”dpoint in order to d-6~-ti”rrnl=e
qualitatively the effect of curvature. It was gushed
sideways several times as “far as any bowing noted in the
tdsts, and, the error in deflection amounted to only 0.0002
or O. 0003 inch. It was therefore considered that the
very Small ~ateral deflections noticed “in the actual tests
had a negligible effect on the precision of the test
results.

Cantilever–Beam Tests

The precision of the results of the cantilever-beam
tests is difficult to estimate. “All the experimenters
found that a change of but a few thousandths of an inch
in the position of the load from that associated with
torsionless bending would produce appreciable twist. In
only one case, however, did two experimenters find the
same shear-center nosition for a given specimen. with
one specimen the difference in observed s“near—~enter
positions was nearly 1/8 inch. These differences make
it impo~s’ible to use the test data of this report to de-
vel.opea re-liable quantitative expression for the effect-
of holes on--the shear—center position, though the differ–
ences do not prevent the obtaining of valuable qualitative
information on that point.

—
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The value.e of appare~t 31 “obtained by” Carat””and
Park from their cant~,lever-beam t6stw were”-so much lower
than the results of their pure-j and-simple-bending tests

.

that they concluded that a large part of the total de–
flection of a lightened channel was due to shear.’ It
was suspected, however, that part of the difference may
have been the result of Totation of the Apectmen at the
point ,of au~port. .Scarbrough and Wellman therefore meas-
ured t.heir,defl,ections.from an arm supported by the s733c-
imen in such a manner that the re~ults would not be
‘affected by rotation of the specimen as a whole. l?heir
results show p,retty plainly that Carah and Parkls low
values. of apparent EI wer~ due primart$y to such rota-”
tion and are not to .be relied upon. ‘StiiTy of their fig-
ures, &owever., indicates that Scarbrougli and Wellmanls
cantilever-bending figures are. for the most part probkbly
co.rrec.tto with$n *1O :percdnt or “better.

,.

‘Carah and Park did not attempt to find Mt/6,. tLe .
torsional stiffness, in their tests. Scarborough made .
tests for this quantity and his results apnear to be
re.asQnably, con’sidtent. Wellmanl$ figures agree fairly ““’ .
well with .Scarbroughte but th”eir consistency Is not as
good. Both men used average values ““ofrotation per unit
torsional moment obtained from tests with different

,points of load application. Since there was less spread
between the figures averaged by Scarborough than between
those averaged %y Wellman, i.t is not surprising that.
Sc.arbrough~s re-suits are. mo’re &onsist@nt. Nevertheless ,
it has been found impossible to reconcile Sce.rbrough!s
figures with theory or to obtain a “reasonable estimate
of their precision’ This nroblem is gone into i,nmore
detail in the secttom on Discussion of Results.,.. ..

.
DISCUSSION

Properties e.bout Cantroidal Axis ParaLlel to Back .
—

‘e
.. .. -.. ..

,The column test’s and the bending’tests with the
—

lo&ds normal to the back of the specimen were made pfi-
marlly to develop a method of predicting the stiffness
EIXX against bending about the centroidal axis parallel

to the back of-.the specimen, and the distance ‘Y. of

that axis from the outside surface of the back. The more
important test-data and computed quantities used for that

,
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purpose .in this’ study are given in ta%les.’7-and 8. Table

7. contains ‘the values of I/t and” Y. obtained from the
individual’ tests -and the corresponding’. values computed on
the basis of three alternative assumptions, regarding the
effect of the lightening holes. In this table the r~-
sults of tests %y Allen and Silliman and. of tests by
Wellman are sho-wn on separate limes. “The. values of ob–
served I/t shown were obtadmed by dividing the EI
values of table 2 by 10,300 times the thicknesses t
recorded in ta%le .1. This was. done %e.cause it was found
more convenient to compare. values Of ‘1/t
EI.

than ‘values of
The values of Y. in table 7 are taken directly

from table 2. In table 8 are shown maximum, minimum,
mean, and median percentage difference %et’ween various
comparable observe”d and computed value”s.of I/t and Yoc

The methods %y w,h,ich.these valu”es ‘w&e-’o=~”*ai”ned”an-d What
appears to be their signifi.c,an.ce’a.r’ez’disc-uss.ed“below.

.. ..”

The values of I/t ‘“obtained in the h-+-otynes”’oi
test, bending and axial compression, are directl~ compar-
able and, unless the character of the effect df th,e .
lightening holes should be a function of the ty~g of’:test,
should he the sa’inefor any spec””ific Specimen., F-rem -
table 8 it can be seen that for the specimens tes%ed both
ways by Allen and Silliman the, agreement of I/t values
is quite gcod. It is really better than ie suggested %y
the extreme percentage difference ‘of –11.6 percent’ since,
if the values for channels -22 and -26 ar~ neglected, the
spread for the remaining 23 specimens of this group is
only from –3.8 to 5.3 percent.

W~llman obtained EI from both column and beam
tests cf 14 specimens, only two of which were tested both
ways by Allen and Silliman. For those two specimens (–7
and –15) the column stiffnessee deviate’d from the beam
stiffnesses by only -0.6 and 1.2 percen’t; whereas the de-
viations of the Allen and Silliman values were —1.2 and
3.4 percent, respectively. Although Wellman o%tained
better agreement between the two EI values for these
specimens than did Allen and Silliman, he did not get
such good agreement for the others, as can be seen from
the second line of table 8. In this group of tests only
four of the specimens showed differences @hove. 10 percent,
but for each of these four the difference exceeded 25,
percent.
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The thimd line of ta%le 8 summarizes the results of
comparing the results of column teats by W.ellman with
.bea~ tests by Allen and Silliman. Since the Wellman val-

ues of .I/t in bending are consistently higher than
those of,Allen and:Silliman, the percentage deviations of
the column-test I/~ values from the bending-test values
are higher for this ba$~s of computation than when th:e
W’ellman bending values are. ti.s.ed.This condition is inten-
sified by the inclusion of four ,specimens for which no
bending tests “were madg by Wellman[; and the deviations of
the Wellman,.column-test resultsfrom the beam-test results ,
of Allen and Silliman rtinge from 4 to 21 percent.

. . . .—.

The relativel~ close-agreement between the Allen ’and
Silliman values of I/t obtained from the two types of
test indicates that the influence of _the lightening holes
on the stiffness in bending is the same as on the eti-ff-

. ‘ness in column action.,, It is the, opinion of the writer
that the greater spread. of the Well.man results indicates ●

primarily that in the lTellman column .te&t.s’ there” was uncle-
-sired end, restrai,nt whit’h”cahsed the observed values”of
I/t to” be fictitiously high and that the results of these
tests should not be taken t’o invalidate.,the afore-mentioned

-.

conclusion,
,,

The most important information s“ought from the column
tests and the, t-ests in bending with the load normal to the
channel back was a method for estimating .tbe location of
the effective neutral axis and the effective moment of in-
ertia about that axis, The obyious method of allowing for
the effect of the lightening h.olqs on these quantities is
to compnfe them for a channel with the same values,of
width of side S and thickness t .as the actual member
but to reduce the width of back. 3 by an amouht which
would. depend on the diameter of the’ lightening holes and
possibly their pitch and other’ dimensions of the specimen.
Thus the problem reduces to that of developing a method
for computing what may be termed the effective diameter
of’the lightening holes De.

.

The simplest. assumption is,that De,” the effective

diameter, and .3, the ac,tual hole diameter, are identical.
.-

This implies that ‘the entire strip ‘of material between the
lightening holes contributes, nothing to the stiffness of
the member and seems to be the most conservative &esumptlon
that would %e reasonable, V’alue”sof I/t and Yo based
on this assumption are listed in oolumns 4 and 8 of table 7,
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In comput’tingthese ‘fi’gurcisand all other value-s of I/t
arid ~Q, the sectional .”arda was assumed concentrated

along t’h~ bdctidn ‘“midline. The values of Y. and. the

radius ,of gyration were fir’st computed, neglecting “
any effect of the fillets. The yalues of I/t were
then computed. as the product of the radius of ‘gyration “
squarqd and the lerigth .of the rnidline,””%he effect of the
fillet being taken into account in comp”uti-rig-tlelength
of.$he:mid~ine. , .,

The. results of comparing the observed values of I/t
with those computed on the assumption that De = D are

summarized”in table 8. “ Zn kvery case-the %i<8 of I/t”
obtained from- a ~ending”test is. in excess of that found
%y -computation, the average difference ~eing~nearly” 15
percent;. and th,ere is considerable scatter’ in~the ratiog
of the tw~ value,s.- All but thre8,0f the” column tests “,
gave higher indicated than computed valuee of Z/t. ?70r
one of these tests the difference was:onlj -,1,0 percent,
while for the other two it.was -11. 0 and -14; 8 percent.
Unfortunately , neither.. of the $WO “latter” rnkm%ers” (+34
and +39) was tested i.n bendin’g, so it is not” jossible to
determine whether their o%served I/t values were as” -
excessive as most lof,tho.sef,ou.nd.by Wellman. The results
of the other tests, h6&6,v”e-r,”s’u.ggesttha% with these two
members it may have happened. that , i,netead of being sub-
ject to unexpected restraint at the ends in ,$he column
tests, they were subjected to ,eccent”ri-c”loading. “,.

.
Study of ,the individual differences between the o~-

served and computed, values of I/t showe”d that they
tended to. increase with increase in the pitch of the’
lightening holes. !Chis appeared reasonable since it does
ndt seem possibl,e that the” mate”riai ‘beiw”een holes makes
no cent.rib’ut.i’onto’ the. stiffness “of the specimen, and “the
further the distance between holes” the greater should be
the effect ‘of this” rna%erial. Several methods of making a
more refined aliow”-arice,foti”the effect of th$ holes than
assumin,g De = Q, were tried. The most satisfactory

proved to be ths~ ass,ump”ti~rithat De ,= ~“+” hhere
.-

. . .. .
DI = (0.2 “+ ls~D-/Pb)D . “ j: ~~-”- (~j,. ..:

Computations of I/t and Y. on the basis of this

assumption led to results’th.at ar~ given in tables” 7 and
8. l!he agreement between Allen and Sillimanfs observed”

,.
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I/t and these compute,d ,values is quite good for both the
column and the beam tests. It is rsally better than ia
indicated in table 8 since for only one specimen (-23) is
the divergence, .of the beam test ~from the computed value
more than 10.percent. With the Wellman column tests the
agreement is not very good, on account of the excedsive
observed value6, and that %etween Wellmanls beam testand
the computed values must be considered as only fair.

The chief objection to using De = D! as a basis of–

design is the unfortunate fact that,t-he five specimens
without lightening holes included in the bending tests
gave indicated values of I/t ranging from 6,8 to 9,7
percent above the computed values. ‘At least part ”of’this
apparent error seems to have been. due to the use of the
nominal values of section dimensions in computing I/t.
I’or four of these specimens Allen and Silliman measured
the actual dimensions to, the nearest 0.001 inch for use’
in computing the moment of inertia, The”r’esulting values
of I/t average about 7 percent greater than those shown
in table ‘7. About half of this difference cen he accounted
for by Allen and Silliman~s neglect of the effect of the
fillets. The remainder is most likely dueto the fact that
the actual width of leg is in excess of the nominal, For
three of these specimens the difference between Allen and
Sillimanfs observed and computed values of I/t is less
than one-half of 1 percent and for the et-her one only 2.8
percent. If it is to be assumed that these effects of
manufac%u”ring toleiahces exi”sted in all t-he “specimens, it
would mean that the observed values. of I/t should be
reduced something like 10 percent before comparing tiem
with the computed values. Alternatively, the desired ex–
pression for .De would be one that would produce’ velues

of I/t about 10 percent less than tbe observed values,
.Since Allen and Silliman reported that iti only a few *.

specimens was the actual width of leg more than 0.002. inch
in excess .of the nominal, such a large adjustment of the .*
observed val~es does not appe”ar n800s5aTF: __ _. —

Nevertheless a study was made-to find an expression
for De that would give computed values of I/t ,about
10 percent less than the observed values, As a result
the values of I/t and Y.
tion that

were computed on the assump-

.

Da = Dtl = (0.7 + DQ/Pl)D (or D, whichever .
“is the smaller) (4)
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These values are list~d’i~ table 7.end their-aver-age .
deviations from the observed valuers”:are.:~hown, in table 8.

;.
,,

“On ,the whole th-e tests ‘appear to indicate that rea– ‘
sonab,ly close, though ~llghtly...~ricoriserv~tive, estii~,ates”
of I/t can be ob”tain-%d bythe ‘g&e of De = D! in-.—u: .,,. ,,
computation. This is-indicated” h~ both t~e:extrerne and:
the average quantities Iisted,in titile.13~ arid aSsO by
fig”ure 19 in ,which””the”val.ue~ of s/t o%tained i~+the
beam tests are plotted.:as ordinat~s and ths valuq~s tom– ‘=’
putedwith De = D! are used a% a%s,ci”ssas~ :Fo,r.rqore

conservatis-m , a “som~what. greater valu~~ of De. may “be “riti~dj
.. but there qppears titr.re:asonwhy”~a ‘value in-exce,~.s of D!!
should be employed. ,“ ., . .

It might be tho~~ht- tfiat the. effective hole di”am~~sr-
would be influenced by the thickness of the material, but
a study of the results on’the, specimens thicke-fi”and thf-finer
than the average indicated that there was no such effect.
Another variable that was c:on”sidered,was the width of the
channel flange S.. %he percentageF“igures 20 and 21 she?,

, differences between observed and”coiplted I/t grouped
accoh”ding to norn”imalwidth .of side S. The c@uted_:val-
ues used in .pr6pari.ng figure “20 are besed. o_n..‘De= D and....——

The- o-bs’erved.‘y:al-u-esth~~e..f”n ~~”gur’e”’2~,On--~”De”y J)t.. L ..- . . .
ar”ethose. obtained ..from“bending tests. .-,.~T’hosefI”gu”r_p~.shg~
no defin:ite tr,eridassociated with v“ar,iatio-n‘in”.~--~.” “

,, ...-.,,.=----- ‘--- --”-~. .
In the for~gbitig stu”dy““the stiff-qe:sses.in >e=nding

have been those obtained with the sp.ecim.en in the back-
down pitch-centered position. #l Len and Sill,i’man reported,
however , that with the specimen in the back~,down ho~e–
*centered position the observed I/t was reduced “a-b~out3
percent. If this finding-is relied upon, ii would appear
desirable, in” design, ” to. compute I/t. on the ba”sis of an

,&ssumed De &.ornewhatl_ar@r. .t.haq D 1. Al,go ,it ~~yld yig-
,.

gest that perhaps the cri{;rion for. De ‘should be based.. . . .-. -- _.._.....=.
on tests with the spe_.cim-en,~h On:e of the ~l-~~ge~-~.ow-n-
positions. I?ellman-,.however, tested six channel s”.ln” all
four posit ions,. with th”e reqult& ‘summarized” in table 4,
lYrom the”sp,results it ‘would, appeSr that. thq~e i’sno. con-
sistent trend, and the” differ 6nc6s in the” resu~~s of s6p–
arate test’s on the” samq
other than the, position

.,

._. .

spe”cimen may be due to f,actors
of -the specimen in thG test J“ig, ‘.. . .

,,.,..
1“

,- . .
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Although the assumption that De = Di gave the best

correlation between the o.bs’erved.and ,computed values of
I/t , the assumption that De = D was cotisiderably better

for tie distance Ye. This is shown hy table 8 in whtih

.

.

are listed extretiej aver.a~e, andmed’ian values of observed
To minus computed Y. in percent of the latter, This is

not c’onclusi~e evidence that. the best figure for Y. 5,s
to be obtai,’nedby assuming De = D.” in computations.

Where ,De is as”sumed equal:to . D~ , the apparent distance

from the ‘backof “the web to ,,~he.effec~~v-e neutral axis ‘
appears tg exceed the computed value; If the specimen&
had teen originally ’straight,” th.~q would indicate ,an er?or.
It was no~icbd, however,. that practically all the speci~ens
wer,e curved in”manuf~cture in such a way t-hat the flanges
were ,in initial t’-ension. It,ca,n tie seen from f.igur-e22
that , under these conditions, the lina o.faot~.on of the axial
load that would cause a mitiimum of:hqnding ‘would i“n~ersect
the end oross sections at a greater distance’ from the,.back

.

than the actual effec~ive neutral axis, There is insuffi-
cient evidence, however, ‘regarding. the ,am,nznt of initial .
curvature of thq specimens”” to’permit a.definite conclusion
as to just which woul-d “be“the best assumpt,i”on”for De in

oomputigg t.he’”location Pf “t’hqeffecti.v!e neutral axis. For
practically all, the channe~s teb~ed; however, the differ-
ence het’ween dsing De = D and :D8 =’DI would not exc”~ed
6.05. inch, and thai would be. iu,ff,iciently close for m,ps~
practical design work,

Stiffness 1$1 aboyt Axis of Syrnme~ry,. ,---
—

,.,

The’’tests of channels as sl~ply supported beams ~it~
the plane of loading parallel to the web ,were made prima- 8

“rily to develop a .m,e’tho-df“tirpredi”ctin”g the deflections
that would be produced by such loadings. When d%El$ng “
with beams with,,reil,ati’vely.’thick webs, the d’eflectiwns
due to shear deformation ~may usuqlly--be neglected..” With
trusses, on the 6ther Q&n.d, the effect. of the’deforrnations
of the web mernberg is too great to %e neglect.dd, and the
same is true with respect”’to $he shear deformation of very
thin webs “of beams,.. It was expect”ed that ’the ligh$gning
holes ,in the webs- of the channels tested in..t.hisinvestig-
ation” would’make the. “o,hannel’eact’ like trpsses or very
thin w4hbed beams..,,a,n.dthat’thk.’eff.ect,“,of&hear dtiformatioh
of the’ we% would have t“o”be t%ken into account.,., ,, .. ,.. . . . . .,,

,’. . .
., ..”.

.’
. .,..

,.. ,.,

-.

,.,
., ,. .
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A first. step was to obtain values of .apparen~. ~1
by subs,titut,ing the slopes 6/w of the .o~berved lo”ad–,
deflection curves in the appropri-at e_beam--deflection
formulas and solving .f.pr. E,Z.. The formulas ‘used ?tir this
purpose were the conventional beam deflec~i ori“formulas
(such as those of” table 4:1 OR P.-94 of reference 3) in
which no pravision is made for the effect of shearing
deformation. The values of apparent j31 ob_tain~d_>n ~
this manner are recorded in table’ 5.

. .
Of ,these values, only those ~~tai”ned from “the tests

in pure bending repqese,nt the true values of 3!1, and
it is desirable to see h“ow closT61y-k”he_i-flagr-6,e”‘with values
computed from the dimensions and m’ater-ial of the specimens.
It is to %e expected that the obseived”mornetit- of inertia
of a lightened channel should lie somewhere between that
of an otherwise identical channel without lightening holes,
and the latter quantity minus the m“~ment of inertia ‘of the
area removed from the web cross section through the ,ceqter
,of a hole. The former quantity may be termed the “full
backl~ and the latter the ‘ifull.holell momeqt of” inertia .of
the cross section. In the present study it was “cofis”ide”red
simpler to work with values of I/t, the moment of inertia
divided by the material thickness, than with the moment of
inertia itself. Values of (1/t)FB and (~/t)~H Cwwuted

for the channels tested in pure bending are listed in ,col-

umns 2 and 3 of table 9. “In computing t_hese values the
first step ‘was to compute th6 square of the ra-dius of gy-
ration of the section midline about its ‘axis of symmetry,

.—

no account being taken of the effect of the fillets at the
junctions of the web and flanges, the computation being
made hy use of the formula .

. ...
b2 (k+ ’6) ,—.- .

?YY2 = -12 (k+ 2)””

.-

: -(5)

. . . . .,“ ,--:
.-

where b is the width of back (or-web), And k the ratio
of the width of side (or flange) s to b. This value

“was multiplied bythe. developed length. of .!he mi.?line

. . ,.. ..L .S.2s + b =.098584 & (6).. . .. ..
. . ,, .. . .._L

where r ~is the r“adi,uso“f the fillet’. This gave +alues
of I/t from 3 to 4 yerc.ent lower than would have ‘been,.
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obtained if the effect of the fillet had been neglected
entirely. After computing (1/t)FB in this manner,
(1/t)yH was obtained by subtracting .D3/12, where’ D is
the diameter of the lightening’’hole.

The fourth column of table 9 shows the values of I/t
obtained by dividing the observed EI in pure bending of
column 2,table 5 by 10,300,000, the standard value of E.

It may be noticed that for most of the specimens the
observed I/t was greater than the computed (1/t)~B,

and the percentage excess for each specimen is liste~ in
table9, column 5. For those tests in which.the” observed
I/t was less than or only a little greater than (1/t)~3,

its percentage excess over (1/t)~H is listed in table 9,
column 6. Since it is to ba expected that the deviation
of. observed I/t from the computed values would probably
be a function of the ,amount of material removed by the
lightening holes, the values of the. lightening parameter
Dz /Pb are recorded in table 9, column 7.

Study of ta31e 9 shows that nearly all of Scarbiough~e
observed values o“f I/t fell either between (1/t)FB and
(1/t)yH or very- close to “those values. Carah and Parkls
observed values were aleo close to (1/t)~B but-tended to

be a little higher rather than a little lower. than thoee
values, Wellmants results, however, were widely scattered
and ranged from 30 percent below (~/t)~~ to about 2.5

times (1/t)~B. Theee facts can be seen even more clearly
from figure 23 in which the values of
~OO[(l/t)obs - (l/t)FB]/(l/t)~ are plotted against D2/Pb.

In this and the following figures, the results of tests hy
Carah and Park are indicated by multiplication signs, those
of Scarborough by circles, and Wellmanl s by plus signs.
Many of WellmanIs results are not shown on thie figure be–
cause the pointswould have fallen outside of its bounda-
ries.

In the 19 testm made by Carah and Park the alge%raic
mean percentage excess of (l/t)ob~ “’over (1/t)FB wae

.

.

.

3.09 and the algebraic median figure, 1.5. The correspond-
ing figures for the 16 tests made by Scar.brough “wer”e:
mean , -1.65 pe~cent and median, -1.25, percent. Wellman,
hovever, had an average excess of 41.86 percent with a
median figure of 30. 0. If all tests are considered as
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forming a single group, .the atierage excess of (l/t)ob~

over (l/t)~B is 20.17 percent with a median figure of

?.3. It is obvious, however, that owing to some defect
in Wellman]s technique’his resuzts cannot be trusted.
If the other two groups are com}ined, the average excess
is only 1.05 percent an?l the median figure, 0.9 percent.

If only Scarbroughfs results were considered,’ it
would be possible to draw a pretty satisfactory empirical
curve to show the percentage decreas”e in (1/t)FB to b~
expected to result from a g“iven value of D2,/P~”’,U nf or-”
tunately, however, the number of ScarbroughIs tests was
too small and covered too limited a range of section pro-
portions to make it advisable to.use them as the basis
for a curve of this kint for design use.

The combined data of Saarbrough and Carah anti Park,
however, furnish good evidence that the stiffness”of the
channelb in pure bending was-little reduced by the presence
of the lightening holes. It is believed that their results
are sufficient basis for the recommendation that for most
practical work, unless D2 /Pb iE relatively large, the
effect of the lighteningholee may be neglected in cOm~ut-
ing the moment of inertia of thg.section; while, if D /Pb
is large- or’ there is special need for conservatism, there
is no need to use a lower value of I/t than (~~$ )TEIO

In most cases of this kind if “should be sufficien{ to use

the arithmetic mean of (1/t)~B and (1/t)TH.

,.

Xffect of Shear Deformation

The total deflection of a beam subjected to combined
bending and shear is the sum of the deflections due to the
two types of stress acting independently. Thereforb ~
write

(7’)
. .

,,,

where ?)t .iS the total deflection, 6b is the deflection

due to bending given by the”usual deflection f’orrnulas,
such as those in table 4:1 on page 94 of reference ,3, ana
8* is the deflection,due to shear. The “gene’r-al‘G”xpr-es–

i3torJ for 6* is gtven’by equation l~:? on page ’386 of”
.

reference 3 as
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t38= J kaVdx

AG
(8) .

._

where s is tihe shear at “a sect-ion due to a unit load
sykte”m based on a unit load at the” point for which the” ‘“
deflect~on i’s desired, V is the +o$al shear on B sec-

tion, A t-he cross-sectional area, G the shearing
modulus of t-he material, and k is a const’ant depending
on the shape of the cross section. For a beam of con–
stant section and length L subjected to a concentrated
load at midspan, t“hts becomes

kWL ......—-
4AG

(9)

for the shear deflection at xnidspan.

With specimens like the lightened channels under
consideration, the value of k is unknown and its empir-
ical determination was one of the objectives of the . -
simple-bending t’es’t”s.In thesespecimens the vertical
deflect%ond tie; to shea”r deformation of the flanges is
negligi?)le and it- is ~easonable to.replace

Since ?t~ullt~ethe gross sectional area””of the web.
difficult to separate the effects of the flanges and the
holes in the web, it appears best to combine the two ef-
fects and write

$s = 2L-4K bt G ~
(lo)

where K is a fActor which takes account of the shape of
the section; the use of the web area in place of the total
area , and the effect of the holes.

.
In order to obtain K empirically, the first step

was to compute Etbt for a load of.100 pounds at midspan

from the observed values of apparent EI indicated by
the simple-bending tests and recorded in column 3 of
table 5. The conventional formulas were them used to
comput e Et&b using the comput-ed values of .(qt)~~

.

.

.

and (1/t)~H. Then, by subtraction twp values of- ‘TJt6~

were obtained for eaoh. sipple” be”ndi.ngte”st, “o’nehaeed on

each of the alternative valwes”of I/t, These va”lues
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. . ..., ,. ,,- . -+.’’’’”:” . . ... . ..
were next inserted ~in equat$on (19)’ whit-h.:was solved~jftir
K, E being assumed equal-to 10,3 00, C)QO ahd G to “:=
3,850,000 pounds per square inch, in these computations. ‘

,, . . . . . ..,.
Th&:”~alies of “.K-: obtained. f.r~m the Carah ant Park

and the Scamhrough tests in this manner, when plotted
a“gainst D2/P~ , fa~med a fai”rly definite band. That Qf
the points batied’on-’--(:l/t) yB appea-red a little more “
clearly defined ‘than that based on (1/t)FH though “t,h.ere .,.
was: not much c’h,o’~cebetween the tw”o. Both ~e”xhibited .,
considerable scatter of the ~points, lut that was tO b@
expected since t’he values- of K were _b.asOd o,n small. .
diffe’i-ences ~,et~een relat”ival”y large nii~ber.s.and “a,iso.’
had, “to abgorb. ail errois o-fprecision in making ‘the tests,
Th,e ‘formula “,cibtaiqedin this, mtin.ner was.,.“ .F

:,. . .. . .., ..” -:,—: J---- _= . .._ .“.
.-.

.
,,. ,.

K= 0.5 - ‘ti2/P.i““;---““” - -~-:,. .(11).,
....,:. .-

,. .*-.

!Che value of Et6t for a-.10,Q-pound load was then

recoin-puted,’:vsing this ~a~ue of ‘..”K &red.;.(’1/t)~B , for

“comparison, wi’th that
..

obtained ,fr..omthejag~arent EI “Zn
simile ~~ea~ing. These two values and their pe~ce~~t:age
diffefieace are listed in”c.olumns” 2.,,3, tind”4 of .tahle 100
The percentage differences f or ~he””Carah and Park. Aqfi:tho
Scar% rough” tb$ts are also pl-+tted a.gai.ns.”t”._rDa/Pb~,}nfig-
ure 24~k. From this f igurs,and the, ~able,~”!-tcan be”.:se&n
that ,:if &b .is computed fr.:m the ordinary bending foy.-,. -,
mula ,uslng . ~yB,. as thb mo”me+t ,ef’,inert”iaand, “6.5,“is -

co~~uted. from equation (10) using the value fro,m””eq.titi~n
(,11) for K,

. . .
the result ing; value af _6: = 61 <~-~ ~ is

suffieientl$ “clos’e to. $hat &htairied from the tests for”
most pract~cal purpos es.” The mean deviation of the de-
flection computed in thi~ manner from the corresponding
observed def le’ction ‘df.~h< Garah and Zark and Scar>r ough
tests is :-1.02 percent a’bd tho me~ia~; ‘-0.”4 per cent”,” If
the results” af lfellmati~s ‘test’sare ‘included, the ‘-mean “
deviat$.~n-~ises :,t,o2 ~54.,per.ce,nt and the :medi,anto 0=7 : “
percent , It is to be noted ~liat Wel,Lma,n”:s‘results are . “
much closer to th,e c’cmp.ut.e.d results here t,han‘iTnthe’-- “...
pure–bending test S,q.. . . ,i, ... . ... ..—...,,.-. ..-.””” #--

Yormulas” w8re develo~ed i; ‘t~e s~mp .rnanne~rfor .tho
total def leet.ion tinder.a speeif fed intensity ‘of t’iiGca.n~
tilever and two-load bending loadings, and tho values of ~
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Et&~ were similarly cofiputad. These values of Ets t
.. and the corresponding figures from the test data are
, listed ik table 10.

,..
The percentage differences between the observed and

computed values of EtSt for cantilever bending are also
.,.plotited against ‘D2/Pb in figure 25. From this figure

●it can–be seen that In practically every test the observed
deflection exceeded the computed, but the average excess
was only 4.18 percent for the Soarbrough and 6.97 percent
for the Wellman tests. The corresponding median devia–
tions wer”e 3.9 and 6,5 percent. On the other hand, the
average exaess in the Carah and Park tests was 3’7.31 per-
cent and the median, 35.’7 percent, The excessive observed ‘
deflections of Carah and Park were at first thought to

‘.reflect primarily the effect of the li.ghtening’ holes in
reducing the resistance of the web to shear. The results
of Scarborough and Wel.lman, howeverl indicate that they
were more likely the result of rotation of the specimen -
at its point of support. Study of the test apparattia
will show that any rotation of the specimen at the su’p-
port woula cause, as increase of the ~easured deflections,
while that would not be the” case wfth the arrangement
used by Scarborough and Wellman, Th’e.latter may have pro-

‘ duced some deformation of the channel web where the refer-
ence arm was attached, and the deflections measured may
not have been ,rne”asuredexactly from a tangent to the
elastic curve at tha~ point, It is b.eli.eved that these
f’actors may be ‘responsible for the fact that the differ-
ences between comput@d aqd observed values of Etft for.,
the Scarborough and ~ellman’ cantilever bendin’g t“ests tend
to ‘be largerthan “the differi.nces for the simple bending
tests of ‘thoae,:e@er:imenters: ~. Tle results indtcate pretty
clearly, however, thtit.Scarborough anq Wellmanls measure-
ments c’zime’much.closer’to being”what .theyw’ere intended
to be than, the deflection measti.rements of Carah and Park.,.,.,,., .“,.

Only for Wellrnan.lp,’tests were ~he values of EI in
two-load jendin~ determined. !l?hesewere used to.detSr-
mine observed values. of xt&t which yare compared with

corresponding computed values. Again ’the observed values
tend to exceed the comput~, but there $% conabiderable
spread, If the thre~ largest differences are neglected,
the ‘average arithmeti.bal difference betwe”en thw two val-
ues of Et&t” is”9,%4 p:ereent and the median m . .

8.0 percent. If the signs of the differences are taken

.

.

.
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into account , the tiean-difference is only –O. 97 and. the
mean -0.35 percent. .

.-, . .,, , . .. . ---

~hile D2 /Pb waw considered the most probable pa–
rameter with which the’ difference ’between observed and
computed values of Et&$ would vary ,studies were made

of the”va~’iat~on of, these differences w~%h tiidth~of side
and.with the ratip of width of side s tO width of

~ack b. ‘No special trend with respect to either of ,
these vai-iables vas” detected. ‘

On the whole it is considered that the method:of
cornput’ing deflections use~in the preparation of ta~le
10 gi~ek sufficiently accurate: results to be employed in
most design work. Admittedly the precision is not as
gooii as might be desired and:the test data--are not of as
good-quality as could be wisfied. On the other hand, in
practical ”work the d6viation8 of actual from.computed
deflections resulting from” k~andard tolerances,f”or .sheet
thicknesses, bend radii, and so forth, are of such mag-
nitude that it would be futile to attempt very great
precision. Therefore, until more accurate and ex~enatve
tests hav?’’”been carried out,; it is believed that designers
will find this method of value.’ n

.-.

One obvious weakness of the method is that ‘it a~pe~rs
to result in stiffnesse$ which tend to exceed those ob–
tained hy test, The designer-could easily avoid d2ffi–
culty on this score hy using (1/t)~H’ :“instead of fI/t)FB,...
in computing, the fraction of,the dqflection,due ,to bending.

..It ,seems hardly necessary to make any further correction
to the deflection ~up-to shear. It. is,truq:thp.t the for-

,nlula for K .,probably has a-low. accuracy, but the tern
in which”gt appears normally represents, such a sriall part
of ,the total deflection that.a relatively’lqrge percentage
error in K will causQ in.t a small. percent”age. error, in
the final result., , . ..

—-

.’,.-
For a channel without lig~tening.holeg the distanc~

from thO midline of the back to the sheqr center can %Q
Qbtained from the relation ,. . -. - ‘- ,-.

,--
. .

d
= Sztzt.

, . ... .(12)
7.

.’,.

.
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given in article 6:5, pages 161-164 of reference 3. When
the back is pierced with lighteiling holes, more of the
normal stress must ‘be carried by the flanges and the shear
flow in.the flanges is thereby increased, One result is
an increase in the moment of the couple produced by the
flange shear forces and therefore ap increase in the dis–
tance from the web to the shear center. Alternatively ,
it might be reasoned that since the presence of lighten-
ing holes would decrease the effective @onen.t ofl inertia,
the result would be to increase” th”e distance d.

The amount by which the shear center would be dis-
placed as the result ,of employing lightening holes of a
given size Rnd. spacing.yould be ,ve,rydifficult to estimate
theoretically. ‘ In the hope of developing an empirical
rule, equat’”~ofi(12) wa,s“used.to compute the theoretical
shear-center distance, ’listed In column 7 of tab,le 5. Com-
pari.s’on of theqe figures and the test rtisults verifies
the expectation.ethat the effect of the holes would be to
incre’ase the distance from the ch”a”nnelweb to the shear
ceriter. With a few specimens the observed shear-center
distance-is less thaq the.theoretical, but on the average

~.it .f.sO.0464 tnch greater. The relat~on between the com-
puted and observed she4r-center d,istanoee is also ,indi-
cated in figure 26, where ‘the “observed distances are

~j.plotted.as ordinates and the computed valu,es as abscis-
sas. ,,

-’When $he.,peT,c&nt~ge .differe~ces betye’en the observed
and Computbd’rvalues, for th-e shear-cente’r distance were
‘pI’otitedaga’inst :‘D2’/pll;there was some indication that
sucZi d-if.fer,e~ce-s””increased with that lightening parameter.
The” p“lotted ;poirits”’wei% to~ soattered, however, to use. .
thbm as”the:”basis’fo&’ formulating ati:eq.uation.for ~he re-
‘liition. -Ther4 were several groups of, spectnens which
differed onlyin hole ~diameter, holb pitch, or ,D2/Pb. .,
Study bf thede graups. failed to disclose any olear rela-
tionships affecting shear-center distance which.wotild, be
of value to the designer.

The differences. betwee.~.tihe’obserted and computed
shear center distances of table 5 range from -6.5 to 17, 0
perdefit. of”thb width”bfflangei- ’thealge.braic mean.’being
s~ightly under S. 0“perc6n%. For most practical work it’
would be sufficient to assume thiit the shear center-of a
lightened channel would lie between the point indicated
by-equation (12) and a point 10 percent of the fl~nge
width farther from the web? :,

.

.

.

.
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Torsional Stiff n6ss’

Since th~ channels used in this study were formed
from flat,sheets witfi developed ”wi.dtlisconsiderably in
excess of 16 times their thicknesses, their torsional
stiffnesses GJ were assumed to conform to the relation

.- ., — .

GJ = ~we t3/3 (13),,.

in which “G is the shearing modulus of elasticity, t
is the thickness o,f the material, and we . is the effec—

tive width of the’ developed section. for t’he specimen
without lightening holes the effective width should be-
the same as .w, the actual devel”ope-d”width- of the” sec–
tion. For the lightened channels th_e effective width
was expected t’o lie somewhere between w ““,and w — D,
where D is the diameter of the light.e,ning holes. It

.-

was hoped that by study of the test results it wo”uld be
possible to obtain an empirical expression for we that

would be between these two figures.
,, .—

The quantity, “GJ of ‘equation (13) is the ratio of
applied torsiona~ mom6nt to” resulting twist in radians

—.

per. inch. Since the “observes values of M~/e in table

5 are ‘rat,ios of applied torsional moment to total twjst””,
11observed” values of, GJ were first obtained by multiply-
ing o%served Mt/Q by the distance from the face of the

support to the mirror attached to the web, which was
.-

31.125 inches in Scarbrough]s teats and.27,876 inches in
Wellmanls tests. For purposes of comparison two values
of GJ were computed from equation (13). One of these
values was based upon the aqsumptioh ’th_at ‘we = w :ni

the “other, on the assumption that we = w - D. In both

cases “,G was taken as 3,8!50,000 pounds per square in”ch.
These three values of GJ are listed in table 11. Fig–
tires 27 and 28, show the values of observed GJ plotted
against the two computed v&luas, of that quantity.

In each of these figures nearly all the points rep–
resenting Scar%roughls t“ests (“indicated by circles) lie
fairly clo”se to a straight line, the deviations fro~ such a
line being less in figure 28 than in. figure 27. Most of
Wellmanls tests gave points falling reasonably cio’ie to
the same lines but exhibited much more scatter. This is

—
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believed to be due largelY to” the f,a.ctthat Tellmanls
values of Mt/@ were averages from tests with greater
eccenbrici%.ies af”:loa’ding “than those present in the
Scarborough “tests. As a result, Tellman]s individual..
v~lues of’. &:t/a daviatfi retirefrom the me~ns I“lst.edin
table 5 thdn did. s~ar.hrough~s and his. means are there–
fore considered less reliable.

In spite of the fact that. most of Scarbroughfs
points come quite close to falling on straight lines in
figures 27 and 28, these data fail to provide a rule for
determining the Value of we .ta be used in equation (3.3).
In the first place, the lines in question would not, pass
through the origin; this fact indicates either that G
is ‘not a c,onsta.qt or that J is pot directly propor-
tional t.o’-??et=, as” indicated in equation (13), but
some constant, must be added to that relation. Equally, ,
important i,s the fact that the observed values of GJ
ard. so”much Zarger than ‘the compute”d ones that some irn”--
portant factor. .must.’have been omitted from t’he com@”ta-
tions. .. ,. . .

.

——

.

The situation is furth~r complicated by the data
from specimens +-21 and +34. In both figures the.points
for specimen +21fall consid-~rably to one side of the

“band formed by the points from the other tests. These
points may be “disregarded, Iiowever, since Saarbrowh

reported that channel, +.21 was initially twisted and.con–
si~tentl~ gave .test.results which lacked conformity with
those from the other spec~mens. Much more I.rnportantare
the pofnts for speoimen +34, which was the only one w:th-
out lightening holes that was. tested in torsion and which
was tested by both experimenters.”” Zri figuiti 2“?, with” “GJ

—

computed on” the basis of we = m’, the points for +34
fall w$thin, the band defined.by the other test data; but .

i.fifigure 28 with dJ cornputeii on the basis of =.

‘e =w— D; th”e points fort hi,s spbeimen fall con6idgr–

‘ably to one sid,e“of”the band, This appears to Fe
additional evidence that $o”i!ehighly important factor :
was neglected either in cdm~uting. GJ from equation (13)
or in obtaining from the. test’6 the obs~rti~d quantlttes to
be compared with the computed values. .L,.. ,, t .’. .- .-

Th6 host ‘obvious-factor tha~”was nb~lbcted WAS the
,possib,le’tiestraigt at the support Against-warping of {he
cross secti”ons. In ~r?paring figures 27”iifid28.this was..,.,’ :.

,.. ,,..



N~CA Technical Note No: 924. 41
.

not taken ,in$o accovnt since the possible magnitude of
its effec”t was not realized. These figures showed..such
~r.eat.differences b.et~e~n the ~bser~e.dand the CQmUUted.
.stif,fnesses that an. investigation was made, to est~rna$e
the possible effect of comj,le”te restraint of t,h,e,.cro~s.
sectio”n at the. suppo”rt,against warping,”” This wa~’done; ‘
hy applying the formulas of Timosh,en’ko:in r“6f&rence--4,“

---------- --

The first step was to compute effective lengths
from the relation

—.-...,.. ,-
..., .

,, . . ,.
. ,... ,:

.,, L“e = i -. a t.a.,n-h.,~
(14)

a, .“” “, ,.
., .-

.. .
where . .,-- -. ,-.:.

EIf

(

3,,
a2 = -— )

~+tll, . . ..--(15)

2GJ 4JY )..,..

where ‘
. . . . .. .., ,“

,., .. , ,.

Le effective length of specimen ,- -.,
. ——. .. ...... . - .-,.

L,
-—:

actual length,,of specim,en. ,.,. ! .,..- -,. .,.. .
,,’ . .

E Young ts’,mo,dul~s” ...’, .,,.,

,.-- .-, .-.

,..,.-, ...’-
.. ., .,

‘home.nt’ of’ ‘“inert i,a. of’ 9~8. f,lang.e”. a’$”out. itg mizj.o~ a,xislf ..
of sy,rnme%ry

.,.
.’, ....’.. -., --..— :,---. —.-,.

.. .
“,’rno~eq~‘of i~’ert,ia of entire c~o~”~”.~e:c;~”ion”~~o~~’”~~:~

“’% “ ~.x~is.~~f;:~y’m,m,etr,y “’: ,. - .1,,~, .. --- ~.:_L4._.:. ...-., .... ., ..,,
“. t: ““%h::ckness of’material.,, .,

,,, ,. .”..- -..
,, .;. .“-

,-
.. ., .“,?- ‘ ..”

... ,. .
GJ

..—
torsi On, ~o’~s~.an’t“obtai~~~””f’rem,‘e’quatiOp”,<1~~ ‘~ ~~ :-=-

., ,, ___
In computing ae from equation (15) ,’.14 ““wag ‘tak~h AS-

equal. to .ta3/12”, where’ s -is.the” widt~’ of. a fla~ge.
Since Iy: =,.tb3/.12+. tsbe./2, “bqujt ion (35):.reduces to

,, .......~“, ,...- >. .:.-,+.:””... ..,.. h.’=-,- ...
. .. .. . . . . .. ,-

.’.,.,- ..; : .“ ,.. .. .. ,: .. ..... :, m
.,

f )Ezf , .“.ab ‘.;,,.”-::., ,=... ,-,,. . ...... .......+~a=. .:

.’~ / ?: ~~,g , ,,,,,,,. -,,.. .:.
(16) -.,. ,,,. ,.,,:.,.,.“J. “.x

.:, ,. .,A...,...,.. .. ,’. . .:: :... ,- .?;.: ,----
., ,—’!.
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TWO val’ues of La were computed for each specimen,
one based on etich of the values bf computed GJ listed
in table 11. These $alueb of Le are shown in columns

5 and 6 of that table. ~~nal~~-j l~t-heoreticalltvaluee Of
Mt/e were obtained for ;iniertfo”n in columns 7 and 8 of
table 11 ty dividing each computed value of GJ %y the
co~responding value of Le.

. . .
The observed values of. Mt/~ are plotted against,

the theoretical values of this quantity in figures 29 and
30. From these figures and th,e data of table 11 it can
be seen that the observed stiffnesses are still consider–
ably in excees of the computed values. They average 24.2
percent greater than the stiffneskes computed on the
basis of we = w and 54.6 percent greater than those
based on we = w - ‘D. The medi,ari,figures are 22 and 50

percent, respectively.

The percentage differences between observed and com-
puted values of Mt/f3 were plotted again6t the lightening

parameter D2 /Pb against the width of side S, and
against the absolute computed values of Mt/0 to see if

any interesting trends would be revealed. In the foll.Qw-
ing remarke this percentage difference is cal~ed the ex-
cess stiffness. The excees stiffnesaes” showed no definite
trend of variation with D2/Pb. They did, however, appear

“’co have a tendency to decrease with ~ncr-ease i,n the width
of leg, though it must be admitted that the plotted points
showed too much scatter to permit the fo~mulatlon of an
algebraic expression to represent this tendericy. The ex-
cess stiffngsses based on We=w ~how:ed no consistent

trend of variation with the absolute magnitude .of computed
stiffness, but those based on we = w - D showed a def-

inite t~ndency to decrease as aomputed Mt/9 increased.
Here again, however, there. was too much scatter of the
plotted points to permit e~keasing the”trend by an
algebraic relation... ..

From the data of table 13 it is obvious that the
stiffnessee obtained in the tests were due primarily to”
the shape of the secti%n and the restraint of the sup-
ported end against. warping. It’ is equally apparent,
however, that, these factors do not completely account for
the differences bqt”w”ee~the observed and computed values

of GJ. One source of the discrepancy may well be the

.

.

.

.
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use. of: too, Iowa v’a~ue of the ~.$hehrin”grnodu~u”s of e“las—
,ticity G? “,1.n.thi~ coinect:$.on it ‘may ‘.b&.recalled t“hat
‘in reference ,1 the w’rfte.r.,neyor.ted 6’~j.som”e“fies’ts of ex-
trutted aluminum+ :l~oy iharinpls tind f“1.at.Strip a “Hu%~”ected
tQ. tdh’sion,,,w.hicb.indtcatsd va’lue.s~,of .-,,G,,,-:appreti””iiSbly
larger ‘i’hati.the standar”d valu~:,of 3 ,1350”i000p ou.tids per
square incb~us?d” in this” report, In.thO-se earlier tOSt E
thevalu~ of G obtained from tests of flat strips was
4,500, 000 pounds per” square inch and that from test s oti
a channel section was 5 ,000:,,,0,00.p’o’undsper “squar’e ‘inch.
Had such values of G tiebn used in the present investi-
gation, the coTnputed sti$fnesses would have been m~~c~

— .

closer to those observ8d,,,and.it “tii~ht.’~liav.e‘be%n possible- ~~
to obtain a,,nempiritia”l expre,s.sion “fo{,.eY,fec,tivetiidth ~we..,.
The “t@sts of” refer e:nc,e.1.,ho~ever, we,re.ver>’~ew” ~~ n-u-m~ey

,, ..

and rather crude inn,characteti , and the writer believes ,.’
that the high values” of G obta$ned from them re~resent
not so much an error .Ln ‘the acce~ted valu,e_X,or“tihat,prop– ‘
erty a,s lack of complete applic,ab,ility of the formula’s’
frdi which they were compu~ed, S“omreadditional sources
for the discrepancy, must b~” looked for. —

,, .. ‘: .,:----
While it is clear ..that it ‘is incorrect “-to”’’rie’gl=~~

the effect ,of ‘re,st-rain.t,against warping, it is nat so “. ..
clear that the’“meth”od used to account for th’~t facko~ is
the correct one. In, the’ detieiop”ment of his for-mulas ,
Timoshenko assumed “complete restraint ~gainst warping o“f ,,

——_ .

the cross section at the suppor~,e,~ e@. “ T-+$s’j:-how,eve%”~
is an ideal condtt ~.on:which co’ul,dhardly be, .giltaineC.i?-
a t,es,t.F.On the othpr, hand;’ aev,iat:ion fr”om “t~b,i.deal.’cbn-
di.tion. would’ resul.t,in an” ~ct~al stiffness le-ss instead,,
of greater than that computed. Sbilarly , ,the measuie~ ....
ment of the length of the specimen. f,rorithe face of the- ‘, ‘
support would tend ,t,oinc-bea”se,the comput”ed stiff nesse:s. :-

Both these fact,ors wouyd- thus cause. discrepancies in the ..
opposit,e direction from thbke ‘,o~$ervad. ‘ .,.

). ....... ___ :,, .=-

There. is a pbs~ibility, howeve,; ‘jthat iii .iome tianne~ ‘“.-“-7
which the writer lia~ b,een unable to visualize ‘the con—.” . “
struct ion of the su-ppo”r.twas of ‘such ch”aracter that the
specimen was not .’subjec”tedto- the “constant torsi.onal .
moment assumed in the analysis %ut to a,varyihg to-ique of . ‘
lower average intensity. Another pos.si~i~ity is ‘that-the.
theory expressed in Timoshenk.o 1s fo~mu,las” iS ‘inco”rn-p-l.e~,e.. ““”
and that a more refined theory would in”dic.ata-g-r6ater
stiff nesses.

.-— ____

--—
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On the whole it must be admitted ‘that .-these tests
failed to indicate a. satisfactory method of computing
the effect oflightening holes on the tors$onal stiffness
of channels. “ On the, contrary, they serve mainly to indi-
aate some of” the difficulties attendant upon an experi-
mental determination of ~orsional stiffness ‘and cast some
doubt on the validi”t~ of present methods for.computi.ng
the torsional stiffn8s5 of untightened channels. In “~o
doing they emphasiz~ the d.e6i.rabl.l.ity.of additional re-
search in this fieldj -.

,“,

... . coicLusIom ‘
.

1. The position of t’he”c.&’ntroida”laxis parallel to
the back of a channel Ii’ghte.ned by unflanged holes and
the ‘moment of inertia shout.t,hat axis-can be computed by
assuming the actual width of back reduced by

(
0,2+ 1.5 g

)

,.
D where D “is the diameter of the light-’

eaing holes$ T 5s the pitch of tha holes, and b“.ts o
the distance between the midlines of the flanges.

2. Fo$ a,mor’e conservative-figure the assumsd effec-
tive reduction in the width of back may be taken as

(,
0.7 + g

)
“D or D, whichever- is the smaller,

.-

3. The moment of inertia obtained from the procednree
of c“onclusi”ons “1 an,d,2 may be ‘“u~edfor t-he practical esti-
mation of deflections or of critical loads according to
the Euler formula:. ~~

4. In computing the effective .stiffness a%out the
axis of symmetry of a..channel with unflanged lightening
holes, the effect of the hole may %8 disregarded for most
purposeg. If’s more conservative figure Is desired, ev’en
when ‘“D/Pb i~ ‘large, there is no indication that the
value of I for” the cross sectioh need b: tiqduced by
more than tD3/12, .where t ~“s“{he th”icknes’a-of the
material.

.....---,
.

.

.

.

.

5, The deflection due to ~hear deforma$:ion of a
channel with unflanged lightening”ho~ee subjected to
loads parallel to the back may %8 estimated for practical
purpose”s from the relation.



.

--- . . . . .

r “S ‘~ dx
68=—
., ~Kbt G

No. .924 . 45

------ ., --s ..-.‘...’:.
where -

,.. :..“r .: -.. +.
.... ,. .=—a .:, -__,,,. , .- ---. .

88 deflection due to shear deformation . ‘_ ‘“ ~-,’ ,.

a shear on a section due to a unit load at point for ,

which deflection is being computed

v total shear on a section

K 0.5 - Da/Pb
,.,

b distance between midlines o~ chan”nel flange=:. .

t. thickness of material..of channel ..”.. -.,
..

G, Bhearing modulus-of elas~icity
—- —.

6, The position of the shear center of a channel
with unflanged lighten<ing”~les is fariher from the yeb
than for a similar channel without holes: For design
purposes the shear center of the lightened channel may
be assumed to lie between its theoretical location for
the corresponding enlightened channel and a point 10 pe~-
cent of the flange width farther from the back.

7. Special precautions are necessary if reliable
figures for the effective stiffnese of beams are to be
obtained from cantilever tests. “Though reasonable fig-
ures for stiffness in bending were obtained from canti-
lever tests, attempts to correlate the app~~”efit torsional
stiffnesses with theory were unsuccessful. How much th”is
lack of success was due to defects of test procedure and
how much to incompleteness of present theory could not
be determined, —

Stanford University,
Stanford University, Calif. , March 15, 1943.
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APPE~IX ‘

.,

.

.
,

.

This appendix is limited “to a few sample log sheets
used in analyzing the test data which are. referred to in
the section on Apparatus and. Test Procedure. Curves
used in analyzing the test data are given as figures Al,
A2, and A3,

.
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mbl.a 1- conbiIiurJLl!Pable 1

Spefdmm Dimed.om 7

Oolza
0.167
0,146
0,116
0.W12

o.313
0*31.3
O.sui
0.S13
0.%6

0.285
0.231
0.1%’6
0.3W
0.379

0.360
0.355
0.326
0.s26
0.3Q5

o.&M
0.3s3
::;;

O.al’r

0.217
0.217
0.%17

o
0

0
0

Odm
0.3U

o.313
0.313
0.313

1(a

+6
+7
+’9
+9

+lo

+11
+Ia
+lz
+14
+1,6

+16
+1!’
+ls
+19
+20

+21
+22

+24

+26
*7

z:

. %1

+34
+36

+&3
467

+40

+41

m

.

J?

R2.1
8-1
M@
1.3/4
l-1/4

2-1/$3
2-1/2
M@
2-3,/2
H/2

2-1/4
l-3/4
1-1/4
!&l/m
2-1/2

W/S
a3J2

:%
@2

>1/2
MJ2

&

fi2-1

2d./2

fi

2-1
2..1
Z@?
Z@

2-J2
2-1/2

-m
2-1/2

2d/2

%*
W/2

3
-

7/8

IM
7/%
5/4

bv4
1

3/4

‘~

7/8
7/8

l.!ji
M/e
3

7/8

8/4
6/8

l-v4
l-1/e
1

7/a
3/4
6/8

M

1

1-%

1-m

1
3/4
E@

4

0.0624
O.oiml
0.0W2
0.CW36
0.0695

0.0624
0.0612
0.0611
0.0621
0,0616

0.0616
0.0624
0.0600
0.C43U7
0.C7W

o.W.4S
o.0616
0.C623
0,06U
0.0523

0,0318
O.flm
o.053’S
0.0620
0.033Q

o*06a
o,m.6
o.0312
0.033.6
0.0523

o*05sl
0.0623
0.0819
0.0521

0,0622
0.052s
0.06.19

618

)eotial

1 (.s

.0
-1
-2
-3
-4

-6
-6
-7
-a
-9

-lo
-la
-u
-13
-14

-15
-16
-17
-1s
-12

.20
-21
-22
-25
-34

-26
-26
.$?7
.22
-29

+1

2
+4
t6

B

$
51)2

e-~

iA/2
S@
>1/2
2-@
51/2

2-1/2
%3/2

$

2-1
2-1
2-1

2-1/0
2-l/2
W/2
2-1/e
2-1/2

;./2

-$91
51/2
2-1/2

2-1/2
2-1/2

E%
2-*

2-1/2
M/2
2-1/4
1-3/4
1-1/4

--y--

-
4

0.0602
0.0222
0.0465
0.0421
0.(%319

0.0256
0.0313
0.0466
0,0514
0.0496

0.0632
O,om
0.0609
0.9470
o@300

o&a6
0.0619
0.04s7
0,0607
0.0606

0.051.2
0.0304
0.0616
o,04F!a
0,0EQ2

0.0500
0.0517
0*0600
0,0616
0.0505

0.0622
0.0641
0.0514
0.0695
0,0600

n-’-l ;$
4-1/E
4+2

M/4
M./4
%1/4
2-1/4
2-1./4

H/4
2-3/4
2-1/4

z%

2-1/4
3.1/4
3-1/4
2-1/4
3-IJ4

sl/4
=1/4
*1/4
3-1./4
ZWJ4

6-1./4
3-1/4
3-1/4
Lea
,------

,-----
-.----

2-1/4
HJ4

2-3./4
iH/4
2-1/4

Inc. .

#/PbP W%
l-3/10
15/16
11/16

1-5/18
l-6/l.6
l-5/16
l-5/16
l-3/16

l-3/16

~$!j

Gyk3

l@16
l-s/4
l-s/4
1“3/4
1-3/4

1-3/4
).-3/4
L6/16
l-5/16
l-5/16

E#g

no]
.—. - &

------

.----— :

:;$

l-6/16
1.-6/l6
l-5/16

B

3

7/8
7/0
7/8

%

7/8
:-1/4

3/4
6/8

L1/4
1

3/4

l%

1
8/4
6/0

H/4
1

3./4

1-W
1

3/4

l-yi
1

9/4
5/2

7/8

1-MI
‘l/a
5/s

6

1-7/16

H%

H%

l-7/16
I@
H/2
1-1/?2

W2

1-1/4
1-1/4
1-1/4
1.-l/4
1“3/4

3.-3/4
l-3/4
1-3/4
1.1/4
1-1/4

L1/4
1-1/4
1-1/4
l-1/4
1..l/4

l-lJ4
noh

6
-

2-1/4
2-ti4
2-1/4
%1/4
2-1/4

2-1/4
3-1/4
H/4
3-1/4
6-IJ4

41/4
4-l/4
4-1/4
4-1/4
i%l/4

3-1/4
5-1/4
,3-1/4
3-1/4
3-1/4

2-1./4
3.1/4
%1/4
2-1/4
2-1/4

2d./4
M

7

0.W3
0.377
0,376
0,374
0.372

::g

0.282
0.W3
O*S&l

o,160
o*160
O.lso
OJ.60
0.624

0.384
0.s25
0.3434
O.lm
0,126

0.146
0.1Q6
0.264
O.w
0.2s4

O.gao

o
0
0

0.322
0.262
0.244
0.122
O.lsl

------ 60-------
..--— --.-b---

------ * ----—--

1
1-’7/3.6 %6/2
l-5/16 *5/fl
1-3/16
16/16
11/le

E%
2-5/8

a notation:
Fuminh@d bv the fomu Uorthrou Airomft, Im., M= the m Be-o dlti~lonof tha Dw~ ~ror~t CO.

+ ‘tinimdb; the 200iIIS 4ircrafi 20.

1



Table 2

0b8emd ValWS of 32= ad YO
?4M.4 2 - Cmullud .

i,

-3- 4 6 --7-

0,407
0.360
0.244

O.?m
0L2541
0.610

1(*)

“ +1
+2

z
+6

+6
+7
+8
+9
+lo

+11
+Ia
+U
+16
+17

+16
+19

+22

g:

+26
+27
+28

+29

z
+32

+a4

+s9

+40
+41
+43

6

U$2.o
M&o

M?*2

25’3.0
1.66.a
67.0

143.1

195.6

I-44).8

81.7

157.2
ue.4

270.8
UW.o

97.1
63.8

W*O

861.0

261.0

65.6

B

0.323

0.2.55,

D.0J4
0.348
3.261

0.294

D.94B

O.S46

D.240

0.407
m.3e3

O.SE@
0.8M

0.263
0.123

Q.3M

0.447

0.398

0.197

243
X57
44,3

181

276

ryO&lu&a
126.6
86.8
830.6

44*4

60,7

141.4
W3.e
U32.1

42;8

E41:o

73,0
46.8

272.3
194.0
M2.6

52.8

lm;2
91.1

262.5

44.7

49.8

139.8
346.9
184.5

42.8

M&O

7’s.0
4S.8

266.6
167.0
M4.O

53,1

@BJ, VWJPBJ

s 4

1L5.6 Uo.o

89.1 81.8

1’70.4 163.6

62.3 61.6

Z35.6 .166.5

44.8 44.3

184,S 173.3

338.6 360.0
17e. o 160.o

323.7 EW*3

232
w
43.0

LY2
83,8

t?49

42.6

●

239

4L7
176
167
287
21.O

loo

%0
342

W

103

wW

a) 1

-0
-1
-f?
-s

-4

4
-6
“7
.8
-9

-lo
-).3
-12
.13
-14

::
-17
-18
-la

-20
-21
-a~

-a4.

-a5
-26
.27’

:E

T
A- ~

7 8

0.W7’.
o.3oa
O*W.6 0.s26
0.2M

6 6

176
143
114
104
76,9

63.6
ms
167
60.8
47.9

ma
102
28.6
30.6

279

149
66.s
42.2

lq

84.4
5L0

336
106
81.9

60.E
422
!322
ml
69.4

—.

178
144,

lo6

309
166
W2,2

191
06.7

136
6.2.8

32%
la9

81.6

311

B1.6

341
822
lol

14,1

69.3
0.434
0.336 o,wi
0,247

0.)?99
0.2M

ksw i 412
o.31E 0.s17

0.42s
0*31J

0.223 0.234

0,419
,,

0.231 0.244

67.6
70.0

99.0

W*E

— L267.02ol.a
5s.3

0.632
0.s46
O*W I _.L

262.3
217.E
51*5

bmWngw - Wallhul (aLa) - T,WO-104 ~B - pure beuling

* notation: .
- hrnl Bhti b~ the formar Iorttiop Urortit, Ino., nom the 21 8B~0 ditialon of the 00uglM Aircraft Co. , inc.

+ titi shad by %M 2Qmh$ ,+irofaft00.

, * I,. . . .,.
I 1!.. . . ,, -1. ‘.. . .
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Table 5

InveetlRatLon of Local Deformation

Stlffnee.a EI In lba-ln2 I

hannel No. From deflections

(a) at load pOht8

-22 330,000

-23 167,000

-24 81,200

-25 51,200

From defleotLona
2 inohes inaitle
of load polzzts

325,M0

169,0C0

81,600

60#2(3(3

a liotation:
- Fhrniehed by the former Northrop Airoraft, Inc., now the

El Segundodlyiaionof the Douglas AirortitOo.,Ino.
+ ~rniehedby the Boeing tiroraftOo.

Table 4

EI= from Beem Tests with Var@ng Speoimen PosLt%ona

49-

In= in Pure Bending m= In I’- Load Bendlngjl

Baok down Flangee down Baok down Fhngeu down Mu.
hunel

(a) P.c. H.C. P.c. H.C. P.c. E.C. P.c. 11.c.
peroent
Mfr.

-7 163.5 161.7 169.4 180.o 170.4 165.8 161.6 169.2 5.5

-15 150.5 160.0 163.5 169● 4 155.5 162.5 166.4 3.68.4 4.5

-17 44.3 44.2 47.0 46.0 44.8 44.6 46.2 46.0 3.9

-19 173.5 201.3 190.6 174.5 184.3 194.o 186.0 175.7 10.5

+10 - 49.8 48.3 60.0 52.0 50.7 60.3 49.6 51.6 4.0

+31 144.0 134.o 140.6 132m7 132.5 133.o 132.5 1.30.1 2.5

Av. 5.1s

m - m..-> -_-&-—.. -.— .
r.u. - rA*cu ceniierea H.rJ. - Hole oenterea

a Notation:
- Furnished by the former l?orthropAiroraft, Inc., now the X1 Segundo divleion

of the Douglas Aircraft.Oo., Ino.
+ Furnished by the Boeing Aircraft Co.
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Table 5
Test Results

Bending with Load P=allel to Baok -.

Obmerved
ininue
:Im~*t84

oonter
.Mflt,m

8
...--.—— -,.

0.066
0.034
0.092
0.038
0.042

channe1

:enter
bnoe

:omput&
— -—

‘7
. .....

O.mz
0.288
0.289
0.292
0.46s)

0.344
0.344
0.179
0.459
0.232

0.179
0.179
0.344
0.232
0.179

0.459
0.344
0.X52
0.459
0.459

Observed Values of : ?7

antileva
bending
.—.—— .-

6

1,732
1,663
1,324

678.0
1,972

1,761
1,805
1,046
2,2.S9
1,234

1,069
1.343
1,776
1,469

965.0

1,6X8
1,968
1,622
2,205
2,192

Shear
dim

bserva
-—

6“
.,-—

0.348
0.322
0.381
0.330
0.501

0.388
0.474
0.198
0.576
0.228

0.126
0.214
0.4S5
0.291
0.154

0 ● 474
0.S87
0.311
0.501
0.378

Observe

we

—. ...-

9
---..—

48.4
61.’7

X54.2

62.S
67.V

113.2

28.1
82*Q
52.4

S7.8
55.0
9)?:9
lM .9

Two-loed
bending
,--- ..-.

4.
——.

l,zll

1,292

1,770

2,295

1,422
1,203

2,045

835

.
Pure
bending

2

8imple
bending
_ .,.—

s
—.-

*
l(a)

-0 c
-2 s
-3 w
-5 c
-6 W

-7 s

-9 !
-lo w
-120

.I.3c

-15 i
-16 W
-17 c

-18 c
-19 s
-20 w
-22 s

w.

3,120
1,705
2,395
1,004
1,800

2,105
4,740
1,494
3,680
1,814

1,53s
1*441
2,34Q
1,900
1,219

2,620
2,070
S,700
2,434
3,800

2,037
1,410
1,159
764.4

1,Z40

1,640
1,36-4
1,304
2,625
1,476

0.044
0.130
0.019
0.117

-0.CK14

0.017
0.035
0.141
0.059
-0.025

1,279
1,118
1,206
1,003

1,957
2,052
1,364
2,063
3,280

0.o15
0.043
0.079
0.042

-0.081 . . L

Table 6 - Continued

2 .s 4 5 6 718 9

75.7
3’7.6

82.9
51.0
77.4
52.0

65.0

77,0

Ss.e

24.8
69.2
90.9
84.1

79.4
61.0

22.4

86.4

-24 w
-25 S
-26 C
-27 C
-29 0

*l w
+2W
+3 s
~:

+68
+70

En
w

+10 c
w

+11 w
+12 8
+13 w

+14 c
+1s c
+16 C

s
+17 w

$;

+% :
s

2,S66
1,482

1,600
1,279

1,630

1=56S
1,405

2,045

924.0

-306.0
1,642

1,845

1,067

318.0

1,603
1,376
1,761
1,604
1,112

1,735
1,678
1,727
S33.O
258,8

1,%24
1,247
1,459

699.0
862●o

272.4
303.0

1,670
2,247
1*913

1,261
9U ,0

1,267
1,629
861.0

296,0
1,705
1,664
1,499
2,046

0.347
0.164
0.483
0.369
0.201

0.351
0.262
0.436
0.410
0.205

0.308
0.263
0.531
0.286
“O.S67

0.I.82
0.250
0.436
0.623
0.436

0.267
0.104
0.364
0.444
0.425

0.308
0.282
0.346
C)e,390
0,390

0.232 O.1.ls
0.179 -0.025
0.459 0.024
0.344 0.025
0.179 0.022-1,564

0.2s7
0.231
0.412
0.317
0.223

0.064
0.03L
0.024
0.093

-0.018

2,900
2,100
1,809
1,158
340.8

1,616
1,447
1,668
1,039
304.6

0.287
0.232
0.412

0.021
0.021
0.119

-0.031
0.050

1,881 .
1,769
2,240
922.0

1,090

1,691
1,563
2,236
876.0
986.0

0.317
0.317

0.223 -0.031
CJ.223 0.C127
0.287 0.3.49
0.469 0.064
0.343 0.093

352.0
340.0

2,485
2,752
3,600

311@4
274,0

1,645
2,304
1,725

.

.

J-
0,252 0.025
0.IJ?7 -0.023
0.412 -0.028
0.43.2 0.032
0.317 0.10s

0.223 0.086
0.282
0.283 0.:63
0.265 0.105
0.285 0.105

w - Wellman

1,308
1,84X
1,736
1,223

1,200
1,420
1,557
1,149

497.0 274.0

2,788
2,763 2.052

.—

o- Oarab
a Notation: -

+

and Park e - 8carbtougb
FUrI_iiSh8dby the former Horthrop Airortit, ILIC., now the xl ge~ndo
division of the DouglIA8Airoraft Co., Inc.

Turnished by the Boeing Aircraft Co.
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Table 5 - Continued

92 7

0.469
0.401
0.343
0.287
0.232

0.178
0.401
0.343
0.2s7
0.232

():):

0.459
0,459
0.401

0.343
o.2m
0.469
0*401

0.343
0.232
0.17’8

l(a)

+22 s
+23 S
+24 w
+/: ;

+27 S
+29 w
+30 w
+31 s
+32 w

+33 w
+34 c

s
w

+35 c

+36 C
+37 c
+39 w
+.40w

+41 w
i42 c
+43 vi

3 4 6 6.

.

2,360
2,008
4,420
2,190
2,075

1,279
4,160
2,795
1,932
2,/480

1,8C0
2,560
2,646
3,270
2,356

2,195

1,770
6,C130

3,980
2,011
l*450

1,63C
1,611
1,450
1,196

994.0

~ yl:

1;682
1,693
1,469

1,173
2,292

1$970

2,023
1,922
1,748
1,592
1,325

1,278
2,087
1,896
1,835
1,656

1,366
1,762
2,41S
2,323
1,629

1,633
1,273
2,151
2,072

2=016
1,229
1,434

0.467
0.456
0.466
0.366
0.296

o*173
o*491
0.466

.0.303
0.276

0.198
0.467
0.496
0.666
0.393

0.337
0.218
0.571
0.631

0.431
0.228
0.221

0.028
0.065
0.I.23
0.0’79
0.064

-0=005
0,080
0.13.3
0.016
0.Q44

0.020
0.008
0.037
0.097

-0.008

-0.006
-0.014
0.112
O.l,go

o,LC8
-0.004
0.043

74.5
67.4
78.4
47.0
47.4

31.8
78.4
73.3
50.4
49.2

20.3

1oo.5
95.1

).2::;

98.0

49.8

1,593
1,355
1,193

2,055
1,820

1,543

1,305

2,835

1,230
1,742

1,63S

1,3.35

F - Uellman1 - Oarab and Park .
a Notation:

- 8carbrough

- ~rniehed by the fOrUh9r Northrop Alroraft, Inc., no= the El Segundo dlvislon
of the Douglas Aircraft Oo., Ino.

+ ~urnished by the boelng Airaraft Oo.

Table 6

Critical Loada

Chail% Length
II’umber (ill.)

-1-
32.06

:: 31.75
-12 31.12
+5 31.75

32.09
M! 32.06 m

ls.the’emerimental buokling load when applied at
the shear aenter.

‘tie%%i.d .. the .eotion,
erimental buokling load when applied at

La the O~nUtOdvalueoftheoritioalload,to be
applied at the shear oeater.

.

a Notation:
- Pu.rnishedby the former Northrop

now the El Segundo divialon of
+ lhrniebedby the Boeing Airoraft

Aircraft Oo., Inc.,
the Douglae Aircraft
00.

.,
Oo., Inc.
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Table 7

Observed and Computed Values of I~t-and YO

Ohs. ~/tifzom. Computed Ire/t from Ohs.

Y.

-—— -r . . . .— - .. -.,

Computed Y. from

Channe1

.—
Beam
tests

.. —
2

0.23.32
0.2248
0.2281
0.2311
0.2399

0.2310
0.2498
0.2410
0.5924
0.3342
0.3409

0.1510
0.0937
0.6060
0.3678
0.1688

0.1025
0.1060
0.5420
0.2902
0.3050

2

0.”1265

0.0842
0.oe93
0.6586

0.3625
0.3537
0.1601

0.0982

0.6635
0.6380
0.3341
0.3550
0.1562

0.0982
0.7924
0,4310
0.4341
0.1923
0.1143

0.2352
0.1502
0.46M
0.4732
0.21.21

column
tests
._—

3

De+)fl De=DDe=D

4

0.1930
0.2004
0.2062

0.2022

0.2137

CT.2160
0.5400
0.2925

0.3..294
0.0781
0.5830
0.3153
0.1414

0.0851

0.4875
0.2619

De=Dm

1 (a

-0 A
-1 A
-2 A

-3 :
w

-4 A

-5 :
-6 A
-7 A

w

-8 A
-9 A

-LO A
-11 A
-12 A

-X5 A

-14:
-15 A

w
——

6
—,
0.1930
0.2004
0.2062

0.2022

0.2137

0.2167J
0.5430
0.2949

0.I.31.2
0.0789
O;6170
0.3320
0.1489

O.Cl&

O.487S
0.2619

7

0.287
0.302
0.315

0.310
0.326

0.464
0.338
0.361

0.247

.0.299
0.216

0.395
0.429

8

0.303
0.296
0.291

0.288

0.468
0.s52

0.245

0.327”
0.223

0.384

9

0.274
0.266
0.251

0.IX58

0.405
0.229

0.203

0.273_
o*181

0.338

10

%%!
0.291

0.286

0.464
0.346

0.242

0.31.O
0.210

0.384

h.

-, ..-, -,S

0.2155
0.2263
0.2202

0.2132
0.2215
0.2281

0.2311

0.2361

0.2388
0.6310
0.3439

0.1626
0.0913
0.6860
0.3695
0.1649

0.0987

0.5650
0.3053

0.2445
0.2631

0.5848
0.330s
0.3389

0.1515

0.3658
0.1635

0.3001
0.3089 .

. .

Table 7 - Continue&

6

0.1166

0.0705

0.6030

0.3266

0.1461

0.0876

0.5870

0.3188

0.1426

0.W52
0.7420
0.3991

0.1756
0● 1041

0.2Cx5q
0.1396
0.4205

0.1902

7
——
:.::;

●

“0.428

o.311

0.223
0.2s4

o.419

0.231
0.244

0.?S2
0.246

0.186

0.323
0.25?
0.407

0.330
0.355

8 9 10

0.270

0.421

0.XU5

0.22.6

0.435

0.222

0.S32
0.241

0.161

3

0.1264
0.1342

4
_—

0.1166

0.0705

0.6850

0.3185

0.1411

0.0846

0.5030

.0.3172

0.I(G16

0.0896
0.7420
0.3991

0.lT56
0.1041

0.2050
0.ti78
O;4KL0

0.1018

lliman

6

0.1364

0.0826

0.6760

0.S645

0.1.617

0.0966

0.6535

0.4060

0.1679

0.0940
“0.7420
0.3991

0.1756
0.1040

0.2327
0.X561
0.4748

0.2153

0.270

0.437

0.327

0.224

0.437

0.223

0.332
0.2+1

0.161

0.292
0.230
0.403

0,s22

0.233

0.376

0.276

0.186

0.320

0.194

0:332-
0.241

0.161

0.254
0.19G
0.351

0.275

-16 A
w

-17

-18: 0.6473

-M A
w

-20 A

-21:

0.3626-

0.1545
0.1892

-2g A
‘u

-23 A
w

-24 A
w

0.5862

.
0.1354
0.1903

\ -25A
-26 A

] -27 A
0.7343
0.4W3

I
-2a :

! -29 A
0.1206

--1-
0.292
0.2i?6
0.396

0.311

,.
+1 w

I +2 w
i +9 A

P
w

0.2566
0.1884
0.4590

0.2235
0.2483

en and iA-A w - Wellman

a Notation:
- Furnlanaclby tne rormer Northrop Aircraft, Inc., now the El Segundo division of the

Douglas Aircraft Co., Inc.
+ Furnished by tne Boeing Aircraft Oo.
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10

O.afio

0,382

0.s02

0.0%s

O.mo

0.3s4

0.SX4

0,W?9

0s30s
00s00
o.B03

0.am
o.X47

i.

-.
1 (d Q 5

0.0746

0.E471
0.1629
0.4930

0.Q236

0.0770

0.9381

0.6.:10
&s+;fj
0.4668
0.21.SN

0,07s6

0.2LS6
0.!?170
0.6660

0.4223
0.3048
0.L3U32

0.1S66

0.0816

0.6666

%:%!!

6

0,0662

0.E166
.0.14m
0.4s88

0.1966

0,0664

0.EI.31

0.8730
O.$om
:.;;g
w

“0.0640

0.IN2’?
0.1963
0.4860

0.3650
O,ml,l
0.1796

0.1168

0.0698

0.6910
(&g

7

0,s?44

0.394

0,348

0,251
0.EB4

0.348

0.34s

ohe4e
O.!M
0.=80
0.813

0.407

0.363

0. 92
io. 34

8

0.939

0.403

O,sx?e

o.2q

0,280

0.334

0.320

0,s39

0.S03
0.300
0.603

0.38S
ct,5a7

8:W

e4

0.0006

O.W%O
0.I.230
0.4XL0

0.1024

0.0606

O,alsl

o.ti730
0.3093,
0,41.I.O
o ● 1.617

0.0606

0.10z?7
0.1963
0,4860

0.36S0
0.2011
0.1796

0,1160

0.0698

0.3730

8S888

O.mo

0.S36

O.mo

0.190

0.R47

0.096

o.a7Q

0.s00

0,374
0.6?71
0.460

0.3s9
O.mu

M&l

0.0729

0.4911

0.W56Q

0,1093
Omml!ll

0.s717

0.2449

O.lam
0.$!178
0,2101
0.6203

0.2,087

0.2198

8%%

+5 A
w

+6 A
+7 A
+8 A

w

+0 A

+10 :
w

+11 q

+la vi
+ls w
+16 A
+17 A

w

+3.8A
\v

+19 A
+20 A
+2E A

+23 A
+24 w
+t35A

+s0 ;

+27 A

+28 ;

$!8#

0,0708
0.0730
0.240!3
0,1846
o,47el

0.2262

0.07Q2
0.0826
0.E3M

0.0+32
0,3460
W#

0.0686
0,0704
p:

0.6410

o.391s
0.3000
0.1968

0.M68

0.0804
0,0019
0.641E
0,6062
O,mm

Table 7 - OontLnued

5

0.2472

6 7 0 9 10

o.2i?l
0.173
0.S32

0.444
0.389

O.lso
~

2 5 4

0.241.9
0.S460

0.0988

0.19U?

0.4885
0.4049
0.0964

0.2X54 0.2205

0.1439
0.0847
0.7425

0.1756
0● 5730
0.4282
0.3028
0.0826

vr-

0.229
0.180
0.3s2

0.444
0.5s9

0.I.80

0.180
0.147
0.ss2

0.399
0.347

0.156

0.1827
0.1006
0.6617

0.4882
0.4884

0.L384
0.0628
0.7425

0.1596
0.0951
0.7425

0,255
O.las
0.363

0.447
0.398

0.127

ellman
_l_

0.1756 0.1756
0.6730 0.6400
0.4282 0.4791
0.3028 0.3454

0.1227 0.0826 0.0919
——

Allen anl Silllman
a Notation:

Purniahed buy’the former NOrtIirODAircraft, Inc., now the E1 8egundo divimion of the
Douglas Ai;craft Co., Inc.

+ Furnished by the Boeing Aircraft Co.
,.. ~. -

.~_



Tab3e 9

Ccaparison of ComputeCIand ObsehvedStifi’nesaes
Pure 8encUng

Tab3e 9 . Centlnued

ComputedX/t

Charmel
D2/Fb
-

7

0.3s0
0.375
0,37.4
0.3’71
0.$X13

0.282
0.2E)2
o,2s2
“o.16c
0.I.50

o.150
0,150
O.SB4
0.385
0.384

0.196
0.196
0.196
0.234
0.ZS4

0,204
0,s65
o

0.324
0,266
0.244
0.198
O.lm

o.i69
00UY7
0,143
0;336
0.116

)ba I/t

P.13,

4

3.’777
3.416
5.626
3.B1O
3.408

4,2X5
9.490
%9s3
6.794
3.46s

3;UI
2.921
4.LWO
3.596
2.430

4.826
3.972
7,0s0
4.690
7*M4

4.890
2.879
2.907

5.396
3.770
3,418
L 890
0,561

3,489
3.2%
4.250
1.S29
1.806

Peroent error
1 (a) 2

T
6 7

14.0 0.088
11,o Q,086

0.313
13,2 0,31.3

0.333

3 4

Q,674
0.566
4,608
6.160
6,840

2.462
S*470
S.272
2.000
0.818

4.MIO
4.142
4*460
3.741
8.394

4.062
3.890
2.391
7,870
6.221

~g

3:369
4,800
4.960
6.134

4.370
4.169
3.310
13,185

7.4s4
:;733

5

8.9
5,3
26,7
8.7
70.6

-3.2
1.3
-4*6
30,0
55,2

17,1
16,0
-6.2
-14,6
109.6

U*7
19.1
-17.6
80.0
30,2

-1,5
42.9
16.2
1,1

-4.5
29,2

.::;

-30,2
155*8

86,0
14,2
-6.6

Fun
baok

Full
hole

Fw.1
baok

Full
hole +10 c

w
+1.J.s
tlz s
+23 w

+15 c
+16 C

s
+17 w
+lo w

+21 c

4%?2:
+s3s
+24 w

tzs w
+26 W
t27s
+29 ‘u
4-30w

+31 s
+32w
+33w
M54c

:

+36C
+36 C
%59 w
MOW

%’!!
+43W

0,5s7
0.627
3.637
4.74’7
4,009

2.632
3.426
3.426
1,639
0.527

3.569
:;$

4.376
4,009

3.637
:::;;

4,376
4.008

3.637
3.267
2,899
4.747
4.747
4.747

4.376
4.008
4.747
4.376

4.00s
;:26;

0,6(W
0.500
3*446
4.66S
3.820

2.393
3.2s6
3.286
1.470
0,500

3.32X
3.321
4.301
3.930
3*563

3.191
2*821
2,463
4.3.87
3.819

3,448
3.078
2.710
4.747
4.’747
4.747

4,376
4;008
4.666
4.M37

3.819
3.078
2.710

1 (EL’

-,0c
-2 s
.3 y
-6 C
-6 W

-7 s
w

-9 c
-lo w
-lz c

-M c
s

-15 w
-16 W
-17 c

-lsc”
-19 s
-20 w
-22 s

w

-24 W
-26 S
-29 c

+2 w
*W
+’3s
+4W
+6C’

+6S I
WC
+8; ,

WI

2

::3;

3,690
;.;g
*

4.026
4.025
2.908
4.760
3.274

2.917
2.917
4.017
3.270
2.915

4.756
4*OU
:;;;

4,747

3,274
2,908
2.806

3.637
3,257
3.426
1.5s9
0,528

3.637
3.267
3.427
1.544
1,644

5 5

8;3
-6.6
49.8
0,9

-Z8.2

4.7
X56.9
0.5
43,1
6.6

6.2
0.1
14.3
10,0

-16.6

1.6
-1.0
114.7
-3.3
51.1

49.4
-1.0
2.8

48.4
16.7
-O,z
22.8
6.3

-4.1
0,9
24;0
-1,0
17.0

6

16.5
0.2

8.0
-23.7

lz.5

11.4

I&o

l%o
6.0

-1.5

5.0
3.2

0,1

4.9
2.,8

4.0

32?.0“

3.0
5.5

3,6

3,240
3,408
3.442
3.5Z9
4.469

3.744
3.744
Z.627
4.687
3*LU

2.754
2,754
3.571
2.824
2.469

4.693
3,850
3.107
4.5s4
4,684

3.111
2,T45
2.906

3.3s9
3.068
3.286
1,470
0.601

3.3a9
3.078
WE

1.476

2.6 0.256
6,6 0.285
-0,4 0.2s5

d.z31
0.176

0.3s0
0.3s0

3.4 0.3s5
-4.8 0.385

0.386.

0.3s6
0.306

-2.5 0,305
0.217
0.217

4.0 0,217
0.217
0.217

:; o
0,,
0

-0,1 0
4*O o

-27.4 0.313
0.33.3

J_E_
o- Uarah and Park S - Soarbrou8h W - Wellman

the E1 Segundo division of the Douglae Aircraft Co,, Ino,u Rotation: - Furn bed bv the former !iorthroDAroraft. Ino.. n(.——-.
+ Furnianad bj tlie Boeing Mrorafi Co,

-.
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Chennel

1 (d

.0 a
-2 s
-3 1?
-6 c
-6 W

-7 s

-9 :
-lo w
..12c

-13 c

-15 ;
-1s w,
-17 c

-1s c
-19 s
-20 w
-2.2s

w
-24W
-26 S
-26 C
-27 c
-29 C

+1 w
em
+3 s

2:

$:
+sW
+90

w

+10 c
w

+11 w
+ls s
+M w

+14 o
*3.5o
+16 C

s
+17 u

+ls w
+19 o
+s0 c
4%21:

+2E!s
+’2ss
+s4 T
+26 w
+26 W

+27 s
+29 W
+m w
+31 s
+32 w

+33 w
+84 c

:
+36 O

+36 O
+!37c
+39 w
+40 w

’441w
+42 C
+49 w

RACA Yeohuioal xOte RD. 9a4

Table30. Oompmriaonof OomputedsndObaezmdDefl.aotions
Siml)lm, O=tA~= , and _~ @d BePMw

_..+ s
.-

A

simplek)dtag

Comp
Et8~

2

26; 9B
24,62
26,41
24,79
m> 40

20,311
20,96,
27,4*
16,S7(
23,35,

25,061
EM,64
26,*
30,9.#

17,2~
19,2s1
23,75(
17,8.s
16,43(
24,9(2(
26,64

23,%3(
24,7’4(
22,99(

l%%

20,90(

2: z
47,6Ci
47,60C

lS2,66C
192,6tK
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error

4

2.7
-6.1
0.4

;$ :

-3..0
X).3
-%s

-la;

1.5
S6.S

lit:

5.s
-13;0

11.1
-6.0

-40.0
-10;1
-0.s

43
6.2
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Table U

Tora%onal Stirfbess or Speaimena

colt cola Lted
Ob-

eerved

9

40.4
61.’?
1.34.2
62.6
67.7

13.3.2
28.1
82.9
62.4
57.8

56.0
92.Q
1.14*9
76.7
37.e

82.9
51.0
77.4
S2.O
66.0

8peaimen

1 (A)

-2 s
-3 ‘u
-6 W
-7 ;

-lo w
-13 s
-M w
-16 VI
-19 s

.20 w

.22 s
w

-24 W
-26 S

+1 w
+2W
+3 s
+4 w
+’6S

Ob .
eerved

e

1,507
1,720
3,740
1,637
&888

3,1.36
874

2,Slo
1,480
1,800

1,632
2,891
3,200
Z,llo
1,172

2,310
l*420
Z*41O
1,460
2,023

we=*D

4

w&w we=w-DWe=w

s

688
385
824
624
824

819

%

707

:$

836
662

7’s1
761
741
674
7s9

6

16.82
ll*08
&78
13.70
11.oo

!JM
XL*23
16.52
14.29

16.49
11.26
8.83
15*41
20.72

14.64
16.16
14.02
18.64
17.74

6 7 8

977
248
564
404

803
31,9
S90
347
499

431
614
614

%

468
495
634
62S
474

12.91
S*51
6.83.

10.8S
8.98

7.19
17.76
8.24

11.89
l%oo

3.3.19
9*34
7.27
11$.lx
18.30

12.04
13.7s
11.87
16.90
16.01

37.1
35.0
93.8
46.6
56.8

29.2
29.1
82.8
37.1
46.0

83.9
18.0
47.3
29.2
41.6

32.7
66.8
04.5
32.4
19.8

38.9
Sp:

S6.9
$1.5

.80.8
24.6
69.0
41.9
49.6

41.7
74.0
94.4
41.Q
27.1

49.9
47.0
52.8
47.2
4L7

!C.ableIL - Oontlnued

1 (a) 2 4 6 6

%33
18;71
22.24
12:2:

9.46
XG90
16.89
22.19
16.7S

8.44
9.76
8.68
11.28
12.01

17.27
8.34
9.68

16.21
13.13

2.6.49
IJ,.32
8.91
7.21

!3:3:

IS.49

7 8

2.U5
1,650

692
1,930
2,830

2,346
2,47D
1,420

624
2,690

qtwe
2,100
2,186
1,310
1,s22

2,L?
:,;M&

1;372

640
3*130
2,650
s,575

2,750
2,730
1,388

73s
836

7:;
84S

728
746
870.
689

1,S87

g:

736
* S70

629
812
787
735
662

629
848
848
853

817
777
629

+8 W
*W

+10 w
+11 w
+1.2 s

+ls w
+16 S
+17 W
+18 W
+81 s

+22 s
+23s
+24 w
+26 W
+26 W

+27 s
+%9 w
+S w
+31 s
+32 w

+33 F/
w ,s

Mg :

MOW
+41 w
+43W

528
697
418
497
614

503
537
S20

E:

626
600
428
414
357

314
676

494
430

393
846
848
.617

11.22
18,38
23.18
14.67
,11.33

11.63
14.06
3.8.51
:g:l:

11.25
12.93
11.62
14.66
16.63

21*IL
lpo

17.72
16.60

17.94
11.ss
8.91
8.93

10.31
11.ss
17.94

8603
46.5
26.1
60.4
74.8

66.6
38.7
18m8
40.2
66.0

53.9
48:1
36.7
18m3
52.9

62.4
m:;

36.7
29.8

18.2
69.0
S4.8
32.4
32.8

25.3
74.9
95.2
86.6

69.2
55.2
26.4

77.0
55.6
24.8
60.2
90.9

84.1
79.4
61.0
2E.4
86.4

74.6
67.4
78.4
47.0
47.4

31.8
78.4
73.3
60.4
49.2

23.0
100.6
95.1
1.28.3

8897
98.0
49.8

6%6
53.0
47.0
;3::

74::

62.6
60.1
42.8

W*1
74.9
9s.2
96.5

679
337
393

79.2
66.4
35.1

,

—
s- Soaxbrough w- Welhan —

a Notation: - Furnlehed by the former Northrop Airoraft, Ino., now the E1 8egundo division
of the Oouglas Airora.ft00., Inc.

+ Furniehed by the Boeing Aircraft Co.
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SRmplemta ahseb

Banding Test

Channel Ho. +31, Test NO. 53.

Tam Load = 10 lbs.

.
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- 0.s
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88.4 ‘77.5
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37.5 99.6

28.8 99.9
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Figure 2.- Setup ‘forAllen and Silliran
test in pure ‘oending. ..

—.

Figure 5.– Beam-support detail
used in Allen and

8illiman tests.
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Figure 3.- Loading arrangement for pure bending tests.
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F[gure 4.-

Apparatus Used for Pure Bending Tests
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Figure 8.– Beam-support detail
used in Carah and

Park tests.

Figso 8,9

Fi~e 90– ‘L’??oVieW8 of free end of be= Used in Cara and
Park cantilever tests. .
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.

‘igure 10.– Setup for
Wellman

~antilever-beamtest.’

Figure 14.– column
end

fitting used in
:~~::cand Silliman

.

Figure 15.– Apparatus

Measuring mi~~an de-
1

flection used in
Allen and silliman
column tests.
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Figure 12.- Arrangment of,referenae bar, .
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Figure 13,-Electrical aystem for
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determining deflection. . ‘
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—

Figure 16.— General view of setup used in
Wellman oolumn test.
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‘ Figure 17 .– $e:-l:nd fittings used by
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I?lgura 18.- T!&~cGl loatl against ,iaflectioncurve of c;mnnel unler axial

. compression.
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Figure 22.- Effoct of initial ourvature.
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